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ABSTRACT 
Sens i t iv i ty  analyses were performed t o  examine typical  s tochas t i c  
programming (SP) modeling issues fo r  a  hypothetical s ing le  reservoir  
system. The elements considered include the par t i t ions  of inflow and 
storage s t a t e s ,  the hydrologic charac te r i s t i c s  of inflows, the types of 
system performance functions,  and the  t radeoffs  between conf l ic t ing 
object ives .  Simulation s tud ies  were conducted t o  ver i fy  the modeling 
outcomes and t o  provide ins ights  fo r  possible improvements of the  system 
performance. Results from these analyses show tha t  ( 1 )  both the numbers 
and the d i sc re te  increment values of the  inflow and s torage s t a t e s  a f f ec t  
an SP model's accuracy; ( 2 )  the uncertainty associated w i t h  the coef- 
f i c i e n t s  of var ia t ion of the  inflows consis tent ly  has a  greater  impact 
on the system performance than the influence of the s e r i a l  corre la t ions;  
( 3 )  in  a  sample study w i t h  flood control being the  only object ive ,  the use 
of e i the r  a  convex function or a  concave function alone fo r  f lood damages 
w i l l  not lead t o  an optimal operation policy which always prevents 
excessive f lood re lease  when there  ex i s t s  some unused storage space i n  the 
rese rvo i r ;  ( 4 )  the preferences between the conf l ic t ing objectives have 
been shown t o  a f fec t  both the expected system performance and the indi- 
vidual operation decisions; and ( 5 )  modification of the d i sc re te  optimal 
so lu t ion ,  using a  simple in terpola t ion scheme, may improve the reservoir  
performance without resor t ing  t o  a  more complex model. 
A case study of Lake Shelbyvil le ,  I l l i n o i s  was conducted based on 
the  f indings of s ens i t i v i t y  analyses f o r  the hypothetical reservoir  system 
using SP. An ad hoc approach was used t o  estimate accurately the agricul-  
-- 
t u r a l  and property damages i n  the  optimization procedure. The optimal 
pool l eve l s  of Lake Shelbyvil le  i n  the summer months were found t o  
be roughly 2 t o  5 f t  lower than the current t a rge t  l eve l  which is  599.7 
f t .  When the  summer pool was forced t o  reach t h i s  t a rge t  l eve l  using a  
penalty function approach i n  the SP model, the annual expected damages 
would increase by 9%. Generally, i t  would take more than one month fo r  
Lake Shelbyvil le  t o  resume the summer pool from the winter drawdown leve l .  
Therefore, a  t r an s i t i on  period longer than one month between the winter 
drawdown and the summer recovery of lake l eve l s  is recommended fo r  consi- 
derat ion i f  fu tu re  modification is  made i n  the  ru l e  curve. 
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I. INTRODUCTION 
1.1 General 
. . 
Reservoi rs  a r e  phys i ca l  s t o r a g e  spaces  n a t u r a l l y  o r  a r t i f i c i a l l y  
c r e a t e d  which f u n c t i o n  t o  modify t h e  temporal p a t t e r n  of in f low q u a n t i t i e s  
i n t o  a  more d e s i r a b l e  ou t f low p a t t e r n .  The c o n f i g u r a t i o n  and s i z e  of a  
r e s e r v o i r  system impose t h e  primary c o n s t r a i n t s  on how much s u r f a c e  runoff  
can be c o n t r o l l e d  i n  a  r i v e r  bas in .  I n  a d d i t i o n ,  r e g i o n a l  hydrology p lays  
a  c r i t i c a l  r o l e  i n  de te rmin ing  how well t h e  water  s t o r e d  i n  r e s e r v o i r s  may 
be r egu la t ed .  For more t han  two decades,  r e s e a r c h e r s  have adopted 
mathematical programming techniques  and op t imiza t ion  procedures  t o  enhance 
r e s e r v o i r  system ope ra t i on .  P a r a l l e l  t o  t h i s  development t h e r e  has  been 
an expansion of knowledge i n  s t o c h a s t i c  hydrology which involves  genera- 
t i o n  of s y n t h e t i c  d a t a  bases  and p r e d i c t i o n  of f u t u r e  hydro logic  condi- 
t i o n s .  The merging of mathematical programming and s t o c h a s t i c  hydrology 
has l e d  t o  innovat ive  s t u d i e s  of r e s e r v o i r  o p e r a t i o n  under hydro logic  
u n c e r t a i n t y  (Yeh, 1985). 
Depending upon t h e i r  r e s p e c t i v e  a p p l i c a b i l i t i e s ,  va r ious  optimiza- 
t i o n  and s imu la t i on  t echn iques ,  t o g e t h e r  w i th  engineer ing  exper ience  and 
judgment, may be coord ina ted  i n  t h e  modeling process .  One example is t o  
employ a  long-term p lanning  model t o  determine t h e  s t e a d y - s t a t e  s t o r a g e  
and r e l e a s e  p o l i c i e s  f o r  each ope ra t i ng  pe r iod ,  which i n  t u r n  s e r v e  a s  t h e  
goa l s  t o  be a t t a i n e d  f o r  a  shor t - te rm,  r ea l - t ime  r e s e r v o i r  c o n t r o l  model. 
I n  t h i s  manner, d i s t i n c t i v e  p r i o r i t i e s  and r e s t r i c t i o n s  can be cons idered  
i n  a  d e t a i l e d  modeling framework f o r  d i f f e r e n t  o p e r a t i o n  l e v e l s .  The 
Tennessee Val ley  Author i ty  ( T V A )  adopted t h e  above approach i n  a  weekly 
mul t ipurpose  planning model f o r  i ts  . immense . r e s e r v o i r  system f a c i l i t i e s  
(Giles and Wunderlich, 1981 ; Shane and Gilber t ,  1982; Gilbert and Shane, 
1982). 
Reservoir models based on mat hematical programming were o r ig ina l ly  
developed t o  a s s i s t  decision makers in e f fec t ive ly  u t i l i z i ng  valuable 
water resources. However, when many f ace t s  of a reservoir  system are  
considered, complexity i n  these models increases. I t  is not uncommon 
therefore  t o  f ind these models too complicated t o  provide much help i n  
comprehending a reservoir  system's charac te r i s t i cs  (Beard, 1973; Helweg 
e t  a l . ,  1982; Friedman e t  a1 ., 1984; and Rogers and Fiering,  1986). 
Despite the complex nature of rea l  reservoir  systems, however, 
mathematical models have proved worthy fo r  use under cer ta in  operation 
conditions. One programming technique that  has not received much 
a t t en t ion  for  real-world reservoir  operation is s tochast ic  programming 
(SP) (Gablinger and Loucks, 1970; Askew, 1975; Gal, 1979; Houck and Datta, 
1981). 
1.2 Stochast ic  Programming (SP) Hodel 
A typical  SP model is used t o  f ind  the optimal steady-state opera- 
t ion pol ic ies  (e .g . ,  the  storage and re lease  l eve l s  a t  a  given time 
period of year) as  d i sc re te  functions of the current storage and inflow 
s t a t e s  of a reservoir  system. These optimal pol ic ies ,  which const i tu te  a 
Markov decision process, a r e  generally determined by a recursive procedure 
which incorporates e i ther  temporal or spa t i a l  corre la t ions  of natural  
streamflows in to  the optimization of expected future  re turns .  A conGise 
mathematical expression of SP typ ica l ly  used i n  a  reservoir  s t u d y  is given 
i n  Sec. 3.2.2.1. 
The la rge  s i z e  of an SP model as well as the  impl ic i t  assumption of 
complete knowledge of fu tu re  hydrologic events under s t a t  isti  ca l ly  
s t a t ionary  conditions usually l i m i t  the  SP technique t o  theoret ica l  
developments ra ther  than pract ica l  applicat ions.  SP models, nevertheless,  
o f f e r  several  advantages over e i the r  determinis t i c  models or  simulation 
models i n  ce r ta in  respects .  Long-term steady-state operation conditions 
can generally be obtained from an SP model. In  addi t ion,  an SP model 
would yie ld  a l l  the optimal decisions fo r  operating a reservoir  under the 
various combinations of reservoir  s torage and inflow conditions. 
Therefore, SP models can be used fo r  screening purposes t o  eliminate those 
a l t e rna t i ve  decisions tha t  are  c lea r ly  in fe r io r  (Loucks e t  a l . ,  1981 ) . A 
recent s t u d y  by Wang and Adams (1986) extends the use of SP for  real-time 
optimization of the hydropower generation f a c i l i t i e s  i n  operating the  
Dan-River-Issue Reservoir i n  China. 
The usefulness of the SP approach fo r  reservoir  operation has been 
more of ten  than not overshadowed by i ts  drawbacks as emphasized i n  most of 
the l i t e r a t u r e .  Some o f .  the l imi ta t ions  might be relaxed e i t he r  by 
improving the  solut ion algorithm or by f inding a more accurate and robust 
predict ive model for  fu tu re  hydrologic conditions. On the other hand, SP 
models could a lso  be s impl i f ied  through careful  manipulations i n  the 
modeling procedure t o  y ie ld  des i rable  information fo r  the operation of a 
reservoir  system. The general purpose of t h i s  research is t o  invest igate  
the mcdeling obstacles associated w i t h  the SP formulation and t o  resolve 
them t o  the extent  t h a t  f a c i l i t a t e s  the use of these modeling t oo l s  in  
pract ica l  applicat ions fo r  optimal reservoir  control .  
1 . 3  Objectives and Scope of the Research 
T h i s  s t u d y  examines  s e v e r a l  common i s s u e s  e n c o u n t e r e d  when u s i n g  
s t o c h a s t i c  programming i n  b o t h  t h e  model f o r m u l a t i o n  and  t h e  p r a c t i c a l  
a p p l i c a t i o n  p h a s e s .  Only  a s i n g l e  r e s e r v o i r  s y s t e m  w i t h  m u l t i p l e  p u r p o s e s  
is c o n s i d e r e d .  I t  is t h o u g h t  t h a t  a  comprehens ive  s t u d y  o f  t h e  s i n g l e  
r e s e r v o i r  s y s t e m  may a l s o  p r o v i d e  u s e f u l  i n s i g h t s  f o r  o p e r a t i o n  of more 
complex r e s e r v o i r  s y s t e m s .  
I n  t h e  f i r s t  p h a s e  o f  i n v e s t i g a t i o n  t h e  SP model f o r m u l a t i o n  was 
examined r e g a r d i n g :  
( a )  t h e  e f f e c t s  o f  d i f f e r e n t  p a r t i t i o n s  o f  t h e  s t o r a g e  and  t h e  
i n f l o w  s ta tes  o n  t h e  f i n a l  r e s u l t  o b t a i n e d ;  
( b )  t h e  e f f e c t s  o f  h y d r o l o g i c  p a r a m e t e r  u n c e r t a i n t y  o n  t h e  e x p e c t e d  
s y s t e m  pe r fo rmance ;  
( c )  t h e  v a r i a t i o n  i n  o p t i m a l  d e c i s i o n s  as a r e s u l t  o f  u s i n g  
d i f f e r e n t  measu re s  f o r  r e s e r v o i r  pe r fo rmance ;  
( d )  c o n t i n u o u s  d e c i s i o n s  v e r s u s  d i s c r e t e  d e c i s i o n s  i n  t h e  d e t e r m i n -  
a t i o n  of  o p t i m a l  o p e r a t i o n  p o l i c i e s .  
The f i n d i n g s  o b s e r v e d  i n  t h e s e  a n a l y s e s  were  u s e d  i n  a c a s e  s t u d y  
f o r  Lake  S h e l b y v i l l e ,  a real  r e s e r v o i r  s y s t e m  i n  I l l i n o i s .  I n  c o n t r a s t  t o  
t h e  u s u a l  a p p l i c a t i o n  o f  SP models  t o  t h e  o p t i m i z a t i o n  o f  e i t h e r  hydro-  
power g e n e r a t i o n  o r  w a t e r  s u p p l y  where  t h e  r e t u r n s  c o u l d  be  r e p e a t e d  o v e r  
time, t h e  c a s e  s t u d y  e x t e n d s  t h e  u s e  o f  SP models  f o r  s y s t e m s  i n  which  
r e t u r n s  are i n  g e n e r a l  n o t  r e p e a t a b l e  b u t  c u m u l a t i v e  -- e . g .  a g r i c u l t u r a l  
l o s s e s .  A m o d i f i e d  SP model was d e v e l o p e d  t o  accommodate t h i s  s p e c i f i c  
s i t u a t i o n .  The pe r fo rmance  of  Lake  S h e l b y v i l l e ,  as e v a l u a t e d  by t h e  
l o s s e s  o f  a g r i c u l t u r a l  r e v e n u e s  a n d  r e c r e a t i o n  b e n e f i t s  , p r o p e r t y  damages ,  
a n d  by the  c h a n g e s  i n  p o o l  l e v e l s  a n d  releases,  was i n v e s t i g a t e d .  
1 
i A c l o s i n g  summary of  t h e  f i n d i n g s  o f  t h i s  s t u d y  d i s c u s s e s  t h e  p r o s  
a n d  c o n s  of  u s i n g  SP m o d e l s  f o r  r e s e r v o i r  s t u d y .  A r e c o m m e n d a t i o n  is 
p r o v i d e d  f o r  c o n s i d e r a t i o n  i f  f u t u r e  m o d i f i c a t i o n  i s  made i n  t h e  r e g u l -  
a t i o n  o f  t h e  L a k e  S h e l b y v i l l e  s y s t e m .  P o s s i b l e  e x t e n s i o n s  o f  t h e  c u r r e n t  
r e s e a r c h  o n  SP m o d e l s  a r e  a l s o  a d d r e s s e d .  
i 
11. LITERATURE REVIEW 
2.1 Mathematical Programming i n  Water Resource  Sys tems  
The c o n v e n t i o n a l  p l a n n i n g  p r o c e s s  "comprises  t h e  c o l l e c t i o n  of 
needed i n f o r m a t i o n ,  t h e  p r e p a r a t i o n  of  a t e n t a t i v e  p l a n  based  upon ana ly -  
sis of t h i s  i n f o r m a t i o n ,  and t h e  s e a r c h  f o r  a n  o p t i m a l  p l a n  by modif ica-  
t i o n  of  t h e  t e n t a t i v e  p l a n  t h r o u g h  a n a l y s i s "  (Reedy, i n  Maass e t  a l . ,  p. 
300, 1962) .  I t  is b a s i c a l l y  a t r i a l - a n d - e r r o r  p rocedure  u s u a l l y  i n v o l v i n g  
r e p e t i t i o n  o f  s i m i l a r  t e d i o u s  computat ions .  Mathemat ical  programming o r  
o p t i m i z a t i o n  models c o n t r i b u t e  t o  t h e  p l a n n i n g  and o p e r a t i o n  p r o c e s s e s  
mainly  i n  t h e  e f f i c i e n c y  o f  s e a r c h i n g  f o r  t h e  b e s t  scheme among a l l  t h e  
f e a s i b l e  c h o i c e s .  I n  a d d i t i o n ,  s e n s i t i v i t y  a n a l y s i s  of  t h e  outcomes may 
be performed more e a s i l y  u s i n g  mathemat ica l  programming models.  
S i n c e  t h e  Harvard Water Group p u b l i s h e d  its p i o n e e r i n g  s t u d y  (Maass 
e t  a l . ,  1962) ,  many mathemat ica l  programming models have been developed 
f o r  w a t e r  r e s o u r c e s  sys tems .  Prompted by t h e  e a r l y  s u c c e s s e s  i n  bo th  
m i l i t a r y  and i n d u s t r i a l  impl .ementat ions ,  t h o s e  programming c o n c e p t s  were 
wide ly  acc la imed  f o r  s y s t e m a t i c a l l y  a s s e s s i n g  w a t e r  r e s o u r c e s  r e l a t e d  
problems,  such  a s  f i n d i n g  t h e  b e s t  d e s i g n  of  a m u l t i p l e  purpose  r e s e r v o i r  
( H a l l ,  1 9 6 4 ) ,  o r  c o n t r o l l i n g  t h e  water  q u a l i t y  i n  a r i v e r  b a s i n  (Liebman 
and Lynn, 1966).  Meanwhile, t h e  c a p a c i t y  and t h e  a v a i l a b i l i t y  o f  f a s t  
d i g i t a l  computers have been i n c r e a s e d  s i g n i f i c a n t l y  i n  t h e  p a s t  two de- 
c a d e s ,  which f u r t h e r  a c c e l e r a t e d  t h e  p r o g r e s s  i n  u s i n g  mathemat ica l  
programming models i n  t h e  r e a l - t i m e  c o n t r o l  of wa te r  r e s o u r c e  sys tems .  
R e s e r v o i r s  a r e  p r o b a b l y  t h e  sys tems  i n  wa te r  r e s o u r c e s  t h a t  have 
been e x p l o r e d  most u s i n g  mathemat ica l  programming. The mass b a l a n c e  law 
c o n s t i t u t e s  t h e  main s k e l e t o n  of  a mathemat ical  programming model f o r  
r e s e r v o i r  study. The simple l i n e a r  r e l a t i o n s h i p  between t h e  incoming and 
t h e  outgoing flows makes the  modeling process genera l ly  s t ra ight forward .  
Assuming t h a t  t he  c h a r a c t e r i s t i c s  assoc ia ted  w i t h  a  r e s e r v o i r  system can 
be modeled using mathematical expressions , t h e r e  a r e ,  however, some 
f a c t o r s  t h a t  s i g n i f i c a n t l y  complicate t h e  modeling and so lu t ion  
procedures. The na tu ra l  hydrologic process i s  s t o c h a s t i c ;  so t h e r e  a r e  
u n c e r t a i n t i e s  i n  t h e  flow records used f o r  descr ib ing  t h e  movement of 
waters .  In  add i t ion ,  measures of r e se rvo i r  performance, whether i n  
monetary terms or  not ,  genera l ly  introduce n o n l i n e a r i t i e s  i n t o  a  model, 
making i t  more d i f f i c u l t  t o  formulate  and so lve  than a  simple l i n e a r  
model. 
Most r e s e r v o i r  models attempt t o  accommodate these  complexities i n  
one way or another ,  while a t  t h e  same time keeping model s i z e  within 
p r a c t i c a l  limits. In  the  fol lowing s e c t i o n s ,  t h e  evolu t ion  of s t o c h a s t i c  
programming models is reviewed, s t a r t i n g  w i t h  a  d iscuss ion  of determin- 
i s t i c  models. Various s t r a t e g i e s  f o r  handling hydrologic u n c e r t a i n t i e s ,  
nonl inear i  ti  e s ,  and o the r  i s sues  r e l a t e d  t o  optimal r e se rvo i r  con t ro l s  
a r e  a l s o  addressed. 
2.2 Deterministic Hodels 
The bas i c  components of a  r e se rvo i r  model a r e  the  mass conservat ion 
of water a s  well  a s  t h e  s to rage  and the  r e l e a s e  cons t r a in t s .  I f  t h e  
sequence of ex terna l  water flowing i n t o  a  r e s e r v o i r  system is e x p l i c i t l y  
s p e c i f i e d  i n  a  mathematical programming framework, i t  is genera l ly  r e fe r -  
red a s  a  de t e rmin i s t i c  model. The h i s t o r i c a l  flow record is commonly used 
e i t h e r  t o  provide c r i t i c a l  period hydrologic information or  t o  generate  
s y n t h e t i c  flow s e r i e s  f o r  use i n  de te rmin i s t i c  models. I t  is assumed t h a t  
t h e  p a s t  f l o w  r e c o r d s  are s u f f i c i e n t  t o  r e f l e c t  t h e  g e n e r a l  h y d r o l o g i c  
cond i  t i  o n s  f o r  t h e  c o r r e s p o n d i n g  r i v e r  b a s i n .  
Hall e t  a l .  ( 1 9 6 8 )  p r e s e n t e d  a mon th ly  o p e r a t i o n  model of  t h e  S h a s t a  
Dam i n  n o r t h e r n  C a l i f o r n i a  f o r  a p e r i o d  o f  low f l o w s  f rom 1928 t o  1934.  
The  o b j e c t i v e  is t o  maximize t h e  t o t a l  income f rom t h e  sales of  b o t h  water 
and e n e r g y  d u r i n g  t h a t  c r i t i c a l  p e r i o d .  The mon th ly  s c h e d u l e  of  r e l e a s e s  
c o u l d  be d e t e r m i n e d  f rom t h e  o p t i m i z a t i o n  model t o  compute t h e  firm water 
and  t h e  firm e n e r g y  p r o v i d e d  by t h e  S h a s t a  Dam. Harboe  e t  a l .  (1970)  
p roposed  a two- s t age  o p t i m i z a t i o n  p r o c e d u r e  f o r  t h e  Folsom R e s e r v o i r  and 
Power P l a n t ,  a l s o  i n  n o r t h e r n  C a l i f o r n i a .  Given a c e r t a i n  c o n t r a c t  l e v e l  
. o f  t h e  a n n u a l  f i rm water s u p p l y  f rom t h e  r e s e r v o i r ,  t h e  maximum a n n u a l  
f i rm e n e r g y  p r o d u c t i o n  was d e t e r m i n e d  f o r  a c r i t i c a l  p e r i o d  o f  12  y e a r s .  
Then ,  t h a t  maximum firm e n e r g y  p r o d u c t i o n  was u sed  as a c o n s t r a i n t  i n  a 
dynamic programming model t o  d e t e r m i n e  t h e  maximum t o t a l  e n e r g y  o u t p u t  -- 
i n c l u d i n g  b o t h  firm and dump ene rgy  p r o d u c t i o n  -- based  on 50  y e a r s  of 
h i s t o r i c a l  mon th ly  f l o w  d a t a .  T r a d e o f f s  between t h e  firm water s u p p l y  and  
t h e  f i rm e n e r g y  p r o d u c t i o n  can  a l s o  be  o b t a i n e d  by v a r y i n g  t h e  c o n t r a c t  
l e v e l s  of  t h e  a n n u a l  firm water s u p p l y .  
U s i n g  t h e  h i s t o r i c a l  low f l o w  r e c o r d  t o  r e p e a t  t h e  d r o u g h t  phenome- 
non of  a w a t e r s h e d  c a n  somet imes  be c o n s e r v a t i v e .  Hall e t  a l .  ( 1  9691,  as 
well as A s k e w  et a l .  ( 1 9 7 1 ) ,  examined t h e  f l o w  r e c o r d s  of  26 r i v e r  b a s i n s  
t h r o u g h o u t  t h e  c o n t i n e n t a l  U.S. L a r g e  numbers of  e q u a l l y  l i k e l y  hydro-  
g r a p h s  of  t h e  same l e n g t h  as t h e  h i s t o r i c a l  r e c o r d  were g e n e r a t e d .  The 
c r i t i c a l  p e r i o d s  based  o n  s y n t h e t i c  d a t a  were used  t o  o b t a i n  t h e  y i e l d s  
from t h e  r i v e r  b a s i n s  and compared t o  t h o s e  of t h e  h i s t o r i c a l  r e c o r d s .  
They showed t h a t  t h e  g e n e r a t e d  r e c o r d s  as a whole h a d  s i g n i f i c a n t l y  less 
sever i ty  than the h i s to r ica l  records of the  same length. Therefore, 
unless the objective is t o  protect against  the worst drought tha t  is 
similar  i n  scale  as that  recorded i n  his tory ,  the expected performance of 
a reservoir  system may be underestimated. Generally, the h i s to r ica l  flows 
are  used t o  i l l u s t r a t e  the  improvement of the  reservoir  performance using 
mathematical programming. 
In contrast  t o  the  l imited applications of determinist ic models for 
long-term planning purposes, incorporation of these models for real-time, 
optimal reservoir  control is widely advocated by system analysts .  The 
reasons a re  twofold. F i r s t ,  within a shorter  time period, the  hydrologic 
uncertainty might be small because of bet ter  forecasting and monitoring 
of the  surrounding physical environment. Second, the capacity of a 
reservoir  system is generally large  enough so  tha t  real-time operation 
decisions can be adjusted in a re la t ive ly  short  time period t o  respond t o  
the changes of inflow volumes. Hence, the assumption of a t o t a l l y  known 
hydrologic fu ture  might be more appropriate for  a shor t  time span. 
I n  the study of a s ing le  hypothetical reservoir ,  Croley (1974) 
showed tha t  r e su l t s  very close t o  the  optimum might be obtained w i t h  only 
a few operation horizons being considered i n  an optimization model. The 
r e s u l t s  indicated tha t  the hydrologic conditions i n  the  remote fu ture  
would be pract ical ly  i r re levant  t o  the near- term reservoir  operation 
decisions. For real-time reservoir  controls ,  the  operation horizons a re  
usually r e s t r i c t ed  t o  e i ther  hours or days, for which r e l i a b l e  hydrologic 
information can generally be obtained (Panel on Weather and Climate, 
1977). 
Becker and Yeh (1974) developed an optimization model f o r  the 
real-time operation of a  multiple reservoir  system. The methodology 
adopts a  form of dynamic programming ( D P )  f o r  se lec t ing  an optimal reser-  
voir storage policy fo r  a  specif ied number of policy periods, and a  l inear  
programming ( L P )  rout ine  is used f o r  the optimization within each period. 
An energy surplus of 35% over the contract level  for  a  12-month period 
could be achieved fo r  the  Shasta-Trinity system i n  northern Cal i fornia .  
Yazicigil e t  a l .  (1983) a l so  proposed an LP model for the real-time 
re lease  schedule fo r  the  Green River Basin Reservoirs system i n  Kentucky. 
The objective is t o  minimize the t o t a l  penalt ies on the deviations from 
both the  t a rge t  storage and the  target  re lease  l eve l s  aggregated over the 
four reservoirs .  An operation horizon of 1 t o  5  days was used w i t h  
inflows generated from a  separate forecast  model. The penalty functions 
were assumed convex, and allowed t o  vary t o  represent most of the goals 
and p r io r i t i e s  of the reservoir  regulation authori ty.  The study showed 
tha t  the penalty could be reduced by 45.8% compared t o  h i s to r ica l  opera- 
t ions .  
The performance of determinist ic,  real-time reservoir  operation 
models may vary t o  a  cer ta in  extent depending upon the  forecast  models and 
the penalty functions used. Datta and Burges (1984), as well as Can and 
Houck (1985), explored these issues extensively and had the  following 
conclusions. F i r s t  , short-  term forecasts  appear t o  be desi rable  for 
real-time reservoir  operations whenever the  forecasts  can yie ld  reduced 
variance (uncer ta inty)  of actual streamflows. Second, the r a t e  of impro- 
vement i n  reservoir  performance decreases as the operation horizon in- 
creases.  Beyond some f i n i t e  time period, the extension of the operation 
horizon has a negl ig ible  e f fec t  on the  r e s u l t s  obtained. Third, depending 
upon the performance c r i t e r i on  used, the value of a forecas t  varies.  
Datta and Burges (1984) showed that  although the  overal l  losses  could be 
reduced w i t h  improved forecas t  information, the average storage variance 
which a f f ec t s  wi ld l i fe  habi ta ts  and recreat ional  pool uses was essen t ia l ly  
unchanged. They a l so  warned tha t  a  bad forecas t  may very well o f f se t  a l l  
the expectations i n  terms of losses  and benefi ts .  
A s  the name implies, determinist ic  models require a r e l a t i ve ly  high 
degree of ce r ta in ty  about the  information used. One may expect t o  obtain 
r e l a t i ve ly  s t a b l e  r e su l t s  from a real -  time operation model under normal 
hydrologic conditions, provided tha t  i t  is based upon ce r ta in  long-term 
operating ru l e s  determined a p r io r i  . For long- term planning, however, a  
-- 
determinist ic  model would be r e s t r i c t ed  mainly t o  a preliminary study of 
a reservoir  system. 
2.3 Stochastic Models 
Stochastic models should be considered as  complements of determin- 
i s t i c  models ra the r  than subs t i t u t e s  f o r  them i n  a reservoir  study. The 
basic idea is t o  incorporate hydrologic uncertainty i n to  a mathematical 
programming model using temporal or s p a t i a l  (or both) corre la t ions  of 
natura l  streamflows. In doing s o  a wide var ie ty  of flow s i t ua t i ons  can be 
modeled, and the expected performance of a reservoir  system may be 
obtained. 
L i t t l e  ( 1  955) pioneered the  concept of using p robab i l i s t i c  methods 
fo r  reservoir  operation. The hydropower generation of a s ing le  reservoir  
system was t rea ted as an inventory problem, w i t h  the inflows, not the 
outflows, as random variables. The operation horizon was divided i n to  a 
f i n i t e  number of successive time in te rva l s  between which the  r ive r  flows 
a r e  characterized as a simple Markov process. For each time i n t e rva l ,  the 
re lease  decision based on a cer ta in  combination of inflow and storage can 
be determined by a  recursive procedure tha t  optimizes the expected re turns  
of f u tu r e  operations. L i t t l e ' s  work l a i d  the  foundation f o r  subsequent 
research on s tochas t i c  programming (SP) models mainly in  two respects .  
F i r s t ,  the  Markov assumption is useful t o  cor re la te  streamflows in a 
straightforward and very simple manner i n  the  SP model. Second, the 
proposed optimization procedure -- current ly  ca l led  s tochas t i c  dynamic 
programming (SDP) -- proved t o  be the most e f f i c i en t  solut ion algorithm t o  
date f o r  t h i s  type of problem. The recursive equation used by L i t t l e  
(1955) i s  expressed i n  the form of an in tegral  which is computationally 
f e a s ib l e  only f o r  simplif ied reservoir  models w i t h  continuous re turn  
functions. A more general approach i s  t o  transform the continuous inflow 
and storage variables in to  discre te  uni ts .  
Gablinger and Loucks (1970) explored the various ways of formulating 
SP models and compared t he i r  performances based on the  respect ive  optimi- 
za t ion r e s u l t s .  Both l inear  programming ( L P )  and dynamic programming ( D P )  . 
were used f o r  three d i f fe ren t  versions of the  s tochas t i c  model. The f i r s t  
model defines the re lease  policy as a function of the current storage and 
net  inflow s t a t e s .  The second model d i f f e r s  from the f i r s t  by replacing 
the current net inflow by the immediate past inflow information. The 
t h i r d  model examines the  t rans ient  charac te r i s t i c s  of the  re lease  deci- 
s ions when the reservoir  has not reached a steady s t a t e  i n  the  ea r ly  
stages of operation. They showed that  the  LP and t he  DP formulations 
a r e  ac tual ly  duals of each other fo r  the same problem; and both yield 
iden t ica l  solutions.  The f i r s t  model r e s u l t s  i n  l e s s  expected deviations 
from the t a rge t  storages and re leases  than the  second model due t o  the 
inclusion of the current ,  updated flow information. A s  expected, when .the 
discount r a t e  is increased the re lease  policy i n  t rans ient  stages tends t o  
hedge l e s s  f o r  fu ture  periods i n  order t o  meet current  operation prior- 
i t i e s .  
The s teady-s ta te  probabil i ty associated w i t h  a  spec i f i c  optimal 
re lease  policy can be calculated from the  r e s u l t s  of a s tochast ic  program- 
ming model. Sometimes, an undesirably high chance of f a i l u r e s  may r e s u l t  
s ince  r i sk  and r e l i a b i l i t y  considerations a r e  not exp l i c i t l y  included i n  
the model. Askew ( 1  974a, b; 1975) proposed a penalty function approach t o  
control the  r i sk  and r e l i a b i l i t y  l eve l s  of the  reservoir  operations. A 
penalty is attached t o  the recursive function as a reduction from the net 
benefi ts .  By varying the value of the penalty the  probabil i ty of f a i l u r e  
of the reservoir  system can be controlled.  
Another unique modeling technique which exp l i c i t l y  brings r i s k  and 
r e l i a b i l i t y  i n to  consideration was f i r s t  proposed by ReVelle e t  a l .  (1969) 
f o r  reservoir  planning. A r e l i a b i l i t y  programming ( R P )  model w i t h  chance 
const ra ints  is constructed by transforming se lected r e l i a b i l i t y  indices of 
reservoir  performance i n to  the  cumulative probabi l i t ies  of seasonal 
inflows. A determinist ic  model is then formulated by converting these  
cumulative p robab i l i t i e s  i n t o  the corresponding inflow volumes which must 
be s a t i s f i e d  together w i t h  other physical const ra ints .  The re lease  
commitments a re  usually expressed as  l i nea r  functions of the  s torage,  the  
inflow information, and a s e t  of a r t i f i c i a l  variables which serve as 
surrogate decision variables f o r  the  re leases .  After a reservoir  problem 
is solved using the  RP model, the seasonal re leases  can be determined 
based on these l inear  decision rules  ( L D R ) .  
Studies on the  RP approach have been conducted by many researchers. 
ReVelle and Kirby (1970) and ReVelle and Gundelach (1975) examined the 
L D R s  based on various reservoir  performance c r i t e r i a .  Nayak and Arora 
(1971 ) and Eastman and ReVelle (1973) extended the  RP model t o  multi- 
reservoir  systems. Gundelach and ReVelle ( 1  975) a lso  developed a general 
algorithm for  formulating and solving the  family of RP models. Houck e t  
a1 . ( 1980) included economic re turns  and hydropower production as alterna- 
t i v e  objective measures i n  RP models -- i n  contrast  t o  the common approach 
of minimizing reservoir  capacity. The or ig ina l  formulation as proposed by 
ReVelle e t  a l .  (1969) and i t s  many var ia t ions  generally suffer  from the 
problem of being overconservative f o r  the  specif ied r i sk  and r e l i a b i l i t y  
l eve l s  because they do not account for  corre la t ions  among the flows 
(Loucks, 1970; Loucks and Dorfman, 1975; Luthra and Arora, 1976; Stedinger 
e t  a l . ,  1983; and Stedinger, 1984). Recently developed modif ications of 
RP models have demonstrated s ign i f ican t  improvements i n  handling t h i s  
problem by incorporating the necessary covariance s t ruc t  ure between the 
successive inflows (Houck and Datta, 1981 ; Joeres e t  a l . ,  1981 ) . 
Stochast ic  programming and r e l i a b i l i t y  programming adopt d i s t inc t ive  
concepts as well a s  methodologies t o  account f o r  the  hydrologic uncertain- 
t y  of natural streamflows. The f l e x i b i l i t y  of SP models allows for  
various considerations of the expected reservoir  performance based on the  
storages and the inflows. On the other hand, RP models place major 
emphasis on t he  r e l i a b i l i t y  aspect of reservoir  operation t o  achieve 
ce r ta in  performance c r i t e r i a .  In comparison, the SP formulations may 
have wider scope as well as greater potential  fo r  pract ical  applications 
than the  R P  models fo r  the  following reasons. F i r s t ,  although the theo- 
r i e s  of RP fo r  a s ingle  reservoir  f o r  long-term planning purposes were 
well developed, extensions t o  mult ireservoir  systems might be limited 
because the  system r e l i a b i l i t y  would be hard t o  define t o  r e f l ec t  the 
aggregate e f fec t s  of the individual reservoir  performances i n  the  system. 
Moreover, t o  represent the correlat ions among streamflows properly, 
d iscre t izat ion of flows is  inevi table .  Thus, the s i z e  of an RP model can 
ea s i l y  grow much la rger  than tha t  of models w i t h  no intraperiod flow 
correlat ions . 
Other s tochast ic  modeling approaches were usually developed e i ther  
f o r  a spec i f i c  reservoir  operation environment or by adopting a di f ferent  
mathematical programming technique. Maidment and Chow ( 1  981 ) presented a 
s t a t e  variable model i n  conjunction w i t h  the SP formulation for  a s ingle  
reservoir  operation. The model allows continuous inflows within the 
dynamic programming procedure, thereby allowing precise application of 
chance constraints  within the optimization. However, the assumption of a 
normal inflow d i s t r ibu t ion  is r e l a t i ve ly  r e s t r i c t i ve .  Bras e t  a l .  (1983) 
developed a closed loop control procedure fo r  the real-time monthly opera- 
t i o n  of the  High Aswan Dam i n  Egypt. Their model d i f f e r s  from the con- 
ventional SP formulation i n  tha t  the current inflows are  conditioned on 
the  forecast  inflows ra ther  than on the  steady-state Markov t r ans i t i on  
probabi l i t ies .  Turgeon (1980) proposed both a one-at-a-time method and 
an aggregation/decomposition method t o  solve an SP problem indirect ly  fo r  
large  multireservoir  systems. 
Whatever the variat ions of s tochas t i c  models may be, e i the r  the 
Markov assumption or chance const ra ints  a r e  included as  basic components 
t o  account fo r  hydrologic uncertainties.  Although s tochas t i c  models 
incorporate p robab i l i s t i c  considerations i n  the  optimization procedure, 
the  r e su l t i ng  operation policy, once executed, becomes determinist ic .  
Thus, s tochas t i c  models a r e  most useful for  evaluating the consequences 
from applying the  optimal operation pol ic ies  under various inflow s i t u -  
a t ions .  Considerable j udgment m u s t  be exercised, however, about the 
future  hydrologic conditions before any re lease  decision is  made. 
2.4  Optimization Techniques 
Optimization models f o r  reservoir  planning, design, or operation 
have usually been l i nea r  programming ( L P )  or dynamic programming ( D P )  
formulations. LP models require l i n e a r i t y  i n  both the  objective function 
and the const ra ints .  Techniques are  avai lable  (e .g . ,  i n  Loucks e t  a l . ,  
pp. 57-62, 1981 t o  develop l inear  approximations of the nonlinear func- 
t ions  of e i the r  hydropower production or economic re turns .  However, the 
increased number of variables and const ra ints  due t o  l inear iza t ion  great ly  
hampers computational eff iciency i n  f inding the  optimal solut ion.  LP 
models a r e  most1 y solved by commercially avai lable  computer codes. 
Sometimes, preparation of the  data base f o r  LP codes could be more time- 
consuming than execution of the optimization algorithm i t s e l f .  
The s i z e  of a  reservoir  model a l so  increases when the planning or 
operation horizon is  increased. Since both natura l  inflows and water 
demands generally exhibit  cyc l i c  pat terns ,  an LP formulation of a  reser-  
voir model may include many s imi lar  const ra ints  w i t h  on1 y minor d i f fe r -  
ences in  parameter values. Relat ively,  DP may be more e f f i c i en t  f o r  
r e s e r v o i r  s t u d y  when m u l t i p l e  p e r i o d s  a r e  cons ide red  ( H a l l  e t  a l . ,  1968).  
Recurs ive  s e t s  of e q u a t i o n s  a r e  fundamental  t o  DP; t h e  o p t i m a l  s o l u t i o n  
can be o b t a i n e d  by s e q u e n t i a l l y  o p t i m i z i n g  t h e  r e c u r s i v e  e q u a t i o n s .  Roefs 
and G u i t r o n  (1975) e x p l o r e d  t h e s e  i s s u e s  and concluded t h a t  DP is p r e f e r -  
r e d  f o r  most r e s e r v o i r  p lann ing  and o p e r a t i o n  s i t u a t i o n s .  Yakowitz ( 1  982) 
provided a  r a t h e r  comprehensive review of t h e  v a r i o u s  a p p l i c a t i o n s  of DP 
models i n  water  r e s o u r c e  sys tems.  Other  t e c h n i q u e s  s u c h  a s  decomposi t ion 
o r  s u c c e s s i v e  approximat ion (Turgeon,  1981 ; Houck and Cohon, 1978) , 
however, might be used j o i n t l y  w i t h  LP o r  DP f o r  m u l t i r e s e r v o i r  sys tems.  
D P ,  i n  c o n t r a s t  t o  L P ,  does  not  have a  s t a n d a r d  mathemat ica l  form. 
Trans fo rmat ion  of a  r e s e r v o i r  problem i n t o  a  DP model is sometimes d i f f i -  
c u l t  i n  t e r m s  of s e l e c t i o n  of  s t a t e  v a r i a b l e s ,  o r  d e t e r m i n a t i o n  of  r ecur -  
s i v e  e q u a t i o n s .  Although a  DP model wi th  con t inuous  s t a t e  v a r i a b l e s  can 
be i n  t h e o r y  s o l v e d ,  a lmos t  a l l  t h e  a p p l i c a t i o n s  a r e  i n  t h e  d i s c r e t e  form 
f o r  e a s y  f o r m u l a t i o n  and f o r  convenience  i n  coding computer programs. 
The number of f e a s i b l e  d e c i s i o n s  t h a t  must be e v a l u a t e d  w i t h i n  a  
s t a g e  might i n c r e a s e  t remendously  w i t h  f i n e r  inc rements  of t h e  d i s c r e t e  
s t a t e  v a r i a b l e s  i n  a  DP model. Var ious  s t r a t e g i e s  have been developed t o  
a c c e l e r a t e  t h e  r e c u r s i v e  o p t i m i z a t i o n  p rocess .  For example, d i s c r e t e  
d i f f e r e n t i a l  dynamic programming (DDDP) f o r m a l i z e d  by H e i d a r i  e t  a 1  . 
(1971 ) is a n  " i t e r a t i v e  t e c h n i q u e  i n  which t h e  r e c u r s i v e  e q u a t i o n  of 
dynamic programming is used t o  s e a r c h  f o r  an  improved t r a j e c t o r y . l 1  DDDP 
has  been r e p o r t e d  t o  be ve ry  e f f e c t i v e  i n  t h e  a n a l y s i s  of v a r i o u s  w a t e r  
r e s o u r c e  sys tem problems (Chow e t  a l . ,  1975) .  Liebman and Lynn (1 966) 
e a r l i e r  i n c l u d e d  t h i s  concept  i n  t h e  s o l u t i o n  a l g o r i t h m  of a DP model f o r  
t h e  op t ima l  c o n t r o l  of water  q u a l i t y  i n  t h e  Wi l l amet te  R i v e r ,  Oregon. 
T r o t t  and Yeh (1973)  a l s o  used t h e  same concept  a s  D D D P ,  which t h e y  c a l l e d  
inc rementa l  dynamic programming ( I D P )  , w i t h  s u c c e s s i v e  approximat ion t o  
de te rmine  t h e  s i z e  of i n d i v i d u a l  r e s e r v o i r  t o  be b u i l t  i n  a  m u l t i r e s e r v o i r  
sys tem.  A nonoptimal s o l u t i o n  might r e s u l t ,  however, when a d o p t i n g  t h e  
DDDP t e c h n i q u e  (Turgeon,  1982) .  Nopmongcol and Askew (1976)  proposed a  
modif ied  v e r s i o n  of I D P ,  named mu1 t i l e v e l  inc rementa l  dynamic programming 
( M I D P ) ,  which was c la imed t o  hand le  I D P  b e t t e r  i n  s e a r c h i n g  f o r  t h e  g l o b a l  
optimum. I t  s h o u l d  be no ted  t h a t  none of t h e  abovementioned modi f i ed  
approaches  is very  u s e f u l  w i t h i n  t h e  s t o c h a s t i c  DP framework i n  t h a t  t h e y  
a r e  d e t e r m i n i s t i c  models;  and a  sequence of known f l o w s  must be s p e c i f i e d .  
Bes ide  LP and D P ,  o t h e r  t e c h n i q u e s  a l s o  e x i s t  f o r  r e s e r v o i r  model- 
i n g .  Windsor (1 977)  p r e s e n t e d  a  mixed i n t e g e r  l i n e a r  programming model 
f o r  t h e  c a p a c i t y  expans ion  of power p l a n t s  i n  a  pumped-storage sys tem.  
The i n t e g e r  v a r i a b l e s  were used f o r  d e s c r i b i n g  t h e  p o s s i b l e  d i s c r e t e  
s t a t e s  of i n s t a l l a t i o n  of f u t u r e  power g e n e r a t i o n  f a c i l i t i e s .  Mar t in  
( 1  983)  made s u c c e s s i v e  l i n e a r  approx imat ions  t o  a  n o n l i n e a r  m u l t i r e s e r v o i r  
sys tem and used a n  e f f i c i e n t  network s o l u t i o n  a l g o r i t h m  throughout  t h e  
c o u r s e  of o p t i m i z a t i o n .  S igva ldason  ( 1  976)  a l s o  adop ted  t h e  o u t - o f - k i l t e r  . 
a l g o r i t h m  (Ford  and Fu lke rson ,  1962) f o r  d e r i v i n g  t h e  op t imal  r e l e a s e  
s c h e d u l e s  f o r  a  4 8 - r e s e r v o i r  network i n  t h e  T r e n t  R iver  sys tem i n  O n t a r i o ,  
Canada. Klemeg (1979) developed a  unique " s t r e t c h e d  t h r e a d "  method based 
on  t h e  concept  of mass c u r v e  of s t r eamf lows .  He c la imed  t h a t  i n  some 
o c c a s i o n s  t h e  proposed met hod is c o m p u t a t i o n a l l y  more e f f i c i e n t  t h a n  
e i t h e r  t h e  LP o r  t h e  DP f o r m u l a t i o n s .  
S e l e c t i o n  of a  mathemat ica l  model f o r  r e s e r v o i r  s t u d y  r e q u i r e s  
c a r e f u l  judgment from a  modeler.  The e f f i c i e n c y  of t h e  s o l u t i o n  a l g o r i t h m  
is only one of the  many considerations t ha t  may a f fec t  the  modeling 
r e su l t s .  The qual i ty  of data used i n  mathematical programming models is 
as important as the  models themselves. Qu i t e  often the biggest challenge 
t o  modelers is t o  co l l ec t  the  data and incorporate them i n t o  the r i g i d  
programming framework. 
2.5 Comments 
Reservoir operation models have prol i fera ted during the past two 
decades. Mathematical programming techniques help iden t i fy  e f f i c i en t l y  
the best scheme among various a l t e rna t ive  operation plans. By taking 
advantage of e f f i c i en t  optimization procedures, system analys ts  are  able 
t o  incorporate more fac to rs  re la ted  t o  optimal reservoir  controls  than 
they are  using a  conventional tr ial-and-error approach. 
Stochast ic i  ty  can be included i n  mathematical programming frameworks 
t o  evaluate a  reservoir  sys t  em' s performance under hydrologic uncertainty. 
However, a  tremendous data base might be required t o  characterize a  
reservoir  system properly when using s tochas t i c  models. The effectiveness 
and p r ac t i c a l i t y  of mathematical programming models could ea s i l y  be 
hampered because of t h e i r  s i z e  as well. The analysts  should exercise 
judgment t o  u t i l i z e  a  model's f l e x i b i l i t y  ra the r  than be r e s t r i c t ed  by i ts  
r i g i d  mathematical s t ruc tu re .  
Determination of the proper objective function is  crucia l  for  an 
optimization model t o  describe a  decision maker1 s w i l l  as well as the  
system's physical r e a l i t y  adequately. However, the de f in i t ion  and selec- 
t i on  of object ive  functions are common problems i n  the planning and design 
of a  reservoir  system that  a re  not unique t o  constructing optimization 
models. Future socio-economic and po l i t i c a l  changes may a f fec t  the  
o p t i m a l  d e c i s i o n s  t h a t  are based o n  t h e  c u r r e n t  r e s e r v o i r  o p e r a t i o n  g o a l s  
a s  d e s c r i b e d  by t h e  mathemat ica l  model. M u l t i o b j e c t i v e  programming 
t e c h n i q u e s  ( e . g .  Cohon and M a r k s ,  1975)  may be u s e f u l  i n  p r o v i d i n g  b roader  
i n s i g h t s  i n  o p e r a t i o n  s i t u a t i o n s .  
F i n a l l y ,  a  s i g n i f i c a n t  r e a s o n  t h a t  r e s e r v o i r  o p t i m i z a t i o n  models 
a r e  seldom implemented f o r  r e a l - w o r l d  r e s e r v o i r  s y s t e m s  is t h e  l a c k  of 
c o o r d i n a t i o n  among d i f f e r e n t  groups  of peop le  w i t h  v a r i o u s  backgrounds and 
i n t e r e s t s .  These  models a r e  r e s t r i c t e d  i n  t h a t  t h e y  l a c k  m u l t i - d i s c i p l i n -  
a r y  i n p u t s  t o  t h e  model f o r m u l a t i o n  (Changnon, 1985) .  Even i f  a  r e s e r v o i r  
o p e r a t i o n  model cou ld  be deve loped ,  t o  d e l i v e r  and u t i l i z e  e f f e c t i v e l y  t h e  
i n f o r m a t i o n  r e v e a l e d  by a  model might be j u s t  a s  d i f f i c u l t  a s  t h e  t a s k  o f  
d e v e l o p i n g  t h e  model i t s e l f .  
111. EVALUATION OF STOCHASTIC PROGRAMMING MODEL 
3.1 Purpose 
S t o c h a s t i c  programming (SP) models a r e  commonly used t o  e v a l u a t e  . t h e  
opt imal  expected performance of a  r e s e r v o i r  system under s t e a d y - s t a t e  
ope ra t i on .  Much work has  been done t o  develop e f f i c i e n t  s o l u t i o n  algo-  
r i t h m s  and t o  examine t h e  e f f e c t s  of u s ing  va r ious  o p e r a t i o n  c r i t e r i a  and 
performance measures.  The modeling r e s u l t s  might be b i a sed ,  however, i f  
a n  SP model i s  improperly cons t ruc t ed .  Klemes (1977)  showed t h a t  t h e  
l e v e l  of p a r t i t i o n s  of in f low and s t o r a g e  s t a t e s  could a f f e c t  t h e  accuracy 
of t h e  expected r e s e r v o i r  performance. He a l s o  po in ted  o u t  t h a t  t o  
d i s c r e t i  ze cont inuous v a r i a b l e s  could d i s t o r t  t h e  op t imal  d e c i s i o n s ,  and 
t h a t  t h e  d i s t o r t i o n  might no t  be e a s i l y  recognized .  The re fo re ,  i t  is 
important  t o  r e a l i z e  t h e  p o t e n t i a l  shortcomings of us ing  SP models, and t o  
avo id  misunderstandings t h a t  may l e a d  t o  e r roneous  conc lus ions  about 
r e s e r v o i r  ope ra t i on .  
I n  S e c t i o n  3.3,  s e n s i t i v i t y  a n a l y s i s  i s  performed f o r  SP models t o  
i n v e s t i g a t e  t h e  va r ious  causes  which can r e s u l t  i n  mis lead ing  o r  even 
c o n f l i c t i n g  o p e r a t i o n  d e c i s i o n s .  A few s e l e c t e d  ca se s  a r e  f u r t h e r  s t u d i e d  
us ing  Monte Ca r lo  s i m u l a t i o n  t o  examine t h e  consequences of fo l l owing  
d i f f e r e n t  ope ra t i on  p r a c t i c e s  under hydro logic  u n c e r t a i n t y .  The f i n d i n g s  
observed i n  t h e s e  ana lyses  provide u s e f u l  i n s i g h t s  f o r  c o n s t r u c t i n g  an 
o p e r a t i o n  model f o r  a  r e s e r v o i r  system based on t h e  SP framework. 
3.2 A Hypothe t ica l  S i n g l e  Reservoi r  System 
To exp lo re  t h e  fundamental i s s u e s  r e l a t e d  t o  system performance f o r  
a  wide range  of r e s e r v o i r  o p e r a t i o n  c o n d i t i o n s ,  a  h y p o t h e t i c a l  s i n g l e  
reservoir  system was used. T h i s  hypothetical system was configured so 
that  both the  physical charac te r i s t i cs  and the inflow-storage re la t ionship  
a re  reasonably close t o  r e a l i t y  and analogous t o  those of Lake Shelby- 
v i l l e ,  I l l i n o i s ,  which is considered for the case study i n  Chapter 4. 
Throughout the  s ens i t i v i t y  analysis the values of system components as 
well as the inflow charac te r i s t i cs  a re  varied w i t h i n  appropriate ranges t o  
compare the  system's response under di f ferent  model s e t t i ngs  and operation 
requirements. 
3.2.1 Definit ions 
3.2.1.1 Storage S ta te  
Let Sc be the active storage capacity of a s i ng l e  reservoir  t o  
regulate  outflow re lease .  The storage space which cannot be u t i l i zed  
f r ee ly ,  such as the dead storage or the conservation storage fo r  water 
supply and navigation usages, is not considered as part of the ac t i ve  
storage.  For exp l i c i t  s tochast ic  programming the act ive  storage is d i s -  
cre t ized t o  represent the  f i n i t e  number of possible storage s t a t e s  for  
reservoir  control .  
Klemes (1977) summarized two d i s t i nc t  methods for  dividing the  
storage space based on several e a r l i e r  s tudies  conducted b y  other r  esear- 
chers (Savarenskiy, 1940; Moran, 1954; Venetis, 1969; and Doran, 1975). 
Figure 3.1 i l l u s t r a t e s  the difference between the  two ways for  defining 
storage s t a t e s .  The f i r s t  scheme (Savarenskiy, 1940; and Doran, 1975) 
t r e a t s  each of the equally divided zones of Sc as a s t a t e  in terval  w i t h  
increment AS; the  corresponding s torage level  is  defined a t  the center of 
t h i s  in terval  and cal led the  s t a t e  mark. In addit ion,  both ends of the 
ac t ive  s torage,  denoting respectively the  f u l l  and the  empty s t a t e s ,  are 
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Figure 3.1 I l l u s t r a t i o n  of Savarenskiy-Dorant s and Morant s Schemes fo r  
Defining Discrete storage S ta tes .  
d e f i n e d  s e p a r a t e l y  w i t h  z e r o  s t a t e  i n t e r v a l s .  T h u s ,  t h e  d i s c r e t e  s t o r a g e  
s tates  can  be d e f i n e d  by: S1 = 0 ;  S i  = ( i  - 3/2)AS, f o r  2  < i < 1-1;  and  
- - 
SI  = ( I  - 2)AS = Sc. I n  t h e  s e c o n d  scheme (Moran, 19541 ,  t h e  s t a t e  
b o u n d a r i e s  and  t h e  s t a t e  m a r k s  are i n t e r c h a n g e d  i n  p o s i t i o n  as compared 
t o  t h o s e  of  t h e  f i rs t  scheme.  Tha t  i s ,  t h e  s t a t e  m a r k s  are d e f i n e d  a t  t h e  
b o u n d a r i e s  of t h e  e q u a l l y  d i v i d e d  s t o r a g e  zones  i n  t h e  f i rs t  scheme; and  
t h e  m i d p o i n t s  of  t h e s e  s t o r a g e  zones  are r e v e r s e l y  t r e a t e d  as t h e  bound- 
a r i e s  of t h e  c o r r e s p o n d i n g  s t o r a g e  s tates .  The  o n l y  two e x c e p t i o n s  are 
t h e  f u l l  and  t h e  empty s t a t e s  w i t h  t h e i r  r e s p e c t i v e  s t a t e  marks r e s i d i n g  
o n  o n e  s i d e  of t h e  s t a t e  b o u n d a r i e s .  As a r e s u l t ,  t h e  s t o r a g e  s t a t e s  a r e  
def , ined  by: S1 = 0 a n d  S j  = ( j  - 1)AS, f o r  2  < j < J - 1 ,  a n d  J = 1-1 i f  t h e  
- - 
AS'S are e q u a l  i n  b o t h  c a s e s .  
Because  of i ts  d e f i n i t i o n ,  Moran ' s  scheme t e n d s  t o  o v e r e s t i m a t e  t h e  
p r o b a b i l i t i e s  of b o t h  e m p t i n e s s  and  f u l l n e s s  of t h e  s t o r a g e  s tates  (Doran ,  
1975;  and  KlemeS, 1977) .  I t  s h o u l d  be r e a l i z e d  t h a t  t h e  s e v e r i t y  o f  t h i s  
o v e r e s t i m a t i o n  depends  n o t  o n l y  upon t h e  way t h a t  t h e  s t o r a g e  s t a t e  is 
d e f i n e d  bu t  a l s o  upon i ts r e l a t i o n s h i p  t o  t h e  i n f l o w  volumes.  From t h e  
a n a l y s i s  by Kleme3 (19771 ,  i t  c a n  be conc luded  t h a t  as l o n g  as t h e  s t o r a g e  
i n c r e m e n t  AS is s i g n i f i c a n t l y  l e s s  t h a n  t h e  t o t a l  r a n g e  o f  p o s s i b l e  i n f l o w  
volumes ,  t h e  d i s t o r t i o n  i n  p r o b a b i l i t y  e s t i m a t i o n  of s t r i c t  e m p t i n e s s  and  
f u l l n e s s  c a u s e d  by s t o r a g e  d i s c r e t i z a t i o n  would be minimal  i n  SP mode l ing .  
The  release p o l i c y  a l s o  c o u l d  have c e r t a i n  i m p a c t s  o n  how t h e  
s t o r a g e  s t a t e s  might  v a r y  from p e r i o d  t o  p e r i o d .  Both  D o r a n ' s  and  KlemeSv 
s t u d i e s  examined  t h e  consequences  of  imprope r  d i s c r e t i z a t i o n  schemes  f o r  
s t o r a g e  s t a t e s  b a s e d  o n  s i m p l e  r e l e a s e  p o l i c i e s .  Such p o l i c i e s  i n c l u d e  
t h e  " s t a n d a r d  p o l i c y "  which  d i c t a t e s  a c o n s t a n t  r e l e a s e  and  t h e  p o l i c y  i n  
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which re lease  is a  function of e i the r  the i n i t i a l  s torage or  the mean 
inflow volume. None of the above pol ic ies  conforms t o  the general SP 
framework i n  which the  optimal re lease  policy is a  function of both the 
i n i t i a l  storage and the s tochast ic  inflow. Because of the possible 
t rans i t ions  of inflow s t a t e s  between successive periods, t he  storage s t a t e  
is unlikely t o  be trapped i n  e i ther  the  empty or the f u l l  s t a t e s  given a  
reasonably sized act ive  storage space. T h u s ,  care should be exercised 
before Doran1s and KlemeS1 findings can be generalized t o  typical  SP 
models. 
Final ly ,  a  r ea l  reservoir system can be regarded as  being i n  an 
unsatisfactory s t a t e  f a r  before the  storage reaches s t r i c t  emptiness or 
fu l lness .  Theref ore,  for  practical  reasons the emphasis on accurate 
probabil i ty estimation of s t r i c t  emptiness and fu l lness  might not be as 
crucia l  as that  of proper def ini t ion of threshold storage leve l s  which 
d i f f e r en t i a t e  the  sa t i s fac tory  s t a t e s  from the unsatisfactory s t a t e s  i n  
reservoir  operations. In the  subsequent analysis ,  the Savarenski y-Doran 
scheme is adopted fo r  its overall  consistent representation of storage 
s t a t e s  i n  the  center of respective storage zones. 
3.2.1.2 Inf'low State 
Some specia l  features are  uniquely associated w i t h  the pa r t i t i on  of 
the  inflow variable as opposed t o  that  of the storage variable. F i r s t ,  
the range of an inflow d i s t r ibu t ion  i s  hard t o  determine. Second, inflow 
dis t r ibut ions  tend t o  be skewed; and the probabi l i t ies  of normal inflow 
s t a t e s  a r e  usually much greater  than those of the extreme inflow s t a t e s .  
Final ly ,  an inflow dis t r ibut ion varies periodically i n  time. Thus, the 
pa r t i t i on  of inflow s t a t e s  needs specia l  a t t en t ion  fo r  each month or 
s e a s o n  of  a  y e a r  i n  t h e  d i s c r e t e  SP model.  I t  is beyond t h e  s c o p e  of  t h i s  
s t u d y  t o  i n v e s t i g a t e  which  i n f l o w  d i s t r i b u t i o n  migh t  be t h e  most  a p p r o p r i -  
a t e  t o  u s e ;  r a t h e r ,  t h e  emphas i s  is p l a c e d  upon t h e  d i f f e r e n t  p a r t i t i o n  
p r e c i s i o n s  t h a t  c o u l d  a f f e c t  t h e  m o d e l i n g  r e s u l t s .  T h e r e f o r e ,  t h e  f o l l o w -  
i n g  a s s u m p t i o n s  are made i n  o r d e r  t o  p roceed  w i t h  t h e  a n a l y s i s .  
The lognorma l  d i s t r i b u t i o n  is  u s e d  f o r  i n f l o w s  i n  t h e  h y p o t h e t i c a l  
s y s t e m  b e c a u s e  i t  c a n  r e p r e s e n t  d i v e r s e  d i s t r i b u t i o n  p a t t e r n s  of t h e  
i n f l o w s  and  is e a s y  t o  m a n i p u l a t e  m a t h e m a t i c a l l y .  U n l e s s  o t h e r w i s e  
s p e c i f i e d ,  t h e  l ower  bound of t h e  i n f l o w  d i s t r i b u t i o n  is assumed t o  be  
z e r o .  The upper  bound is d e f i n e d  t o  be t h e  p r o b a b l e  maximum i n f l o w  (PMI) 
which c o u l d  be d e r i v e d  from t h e  p r o b a b l e  maximum p r e c i p i t a t i o n  (PMP) 
( S t a l l i n g s  e t  a l . ,  1986) i n  a r i v e r  b a s i n  ( S i n g h ,  1 9 7 7 ) .  S i n c e  an  upper  
bound is s p e c i f i e d ,  t h e  i n f l o w  d i s t r i b u t i o n  is a c t u a l l y  " t r u n c a t e d "  at  t h e  
upper  e n d .  The o r i g i n a l  p r o b a b i l i t y  mass beyond t h e  upper  bound is t h e n  
r e d i s t r i b u t e d  w i t h i n  t h e  f e a s i b l e  r a n g e  i n  p r o p o r t i o n  t o  t h e  l i k e l i h o o d s  
of o c c u r r e n c e  o f  i n d i v i d u a l  i n f l o w  e v e n t s  s o  t h a t  t h e  t o t a l  p r o b a b i l i t y  
mass e q u a l s  o n e  f o r  t h e  t r u n c a t e d  d i s t r i b u t i o n .  
The bounded d i s t r i b u t i o n  i s  t h e n  d i v i d e d  i n t o  a f i n i t e  number o f  
i n f l o w  s tates  as i l l u s t r a t e d  i n  F i g .  3.2. The d i s c r e t e  i n f l o w  s t a t e  o r  
s t a t e  mark i s  d e f i n e d  a t  t h e  c e n t e r  of e a c h  i n f l o w  z o n e  o r  s t a t e  i n t e r v a l .  
The p r o b a b i l i t y  of  e a c h  i n f l o w  s t a t e  i s  i n t e g r a t e d  t h r o u g h  t h e  co r r e spond-  
i n g  i n f l o w  z o n e ,  and  i s  assumed t o  be c o n c e n t r a t e d  a t  t h e  d i s c r e t e  i n f l o w  
s t a t e .  T h e r e f o r e ,  t h e  i n f l o w  s t a t e s  are d e f i n e d  by Qm = ( m  - 1/2)AQ,  f o r  
1  < m < M; and  A Q  is t h e  s t a t e  i n c r e m e n t  ' w i t h  M A Q  = PMI. The co r r e spond-  
- - 
i n g  s t e a d y - s t a t e  p r o b a b i l i t i e s  a r e  PQ,, f o r  1  < m < M .  
- - 
I-w inflow 
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Figure 3.2 Definit ion of Inflow S ta tes  with the  Corresponding Steady 
S t a t e  Probab i l i t i e s ,  PQ,. 
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I t  shou ld  be no ted  t h a t  i n f l o w s ,  u n l i k e  s t o r a g e ,  a r e  p roduc t s  of t h e  
n a t u r a l  complex h y d r o l o g i c  p r o c e s s e s ,  which cannot be c o n t r o l l e d  a t  e x a c t  
d i s c r e t e  l e v e l s .  Thus ,  a n  in f low s t a t e  used i n  a n  SP model e s s e n t i a l l y  
r e p r e s e n t s  a  r ange  of inf low amounts w i t h i n  +1/2AQ d e v i a t i o n s  from t h e  
- 
d i s c r e t e  s t a t e  value .  A t  each p e r i o d  t ,  t h e  r e l a t i o n s h i p  between t h e  
n a t u r a l  in f low G t  and t h e  d i s c r e t e  model inf low Qmt can be expressed  a s  
where -1/2AQ < 6 t  < 1/2AQ is t h e  p o s s i b l e  in f low d e v i a t i o n .  According t o  
t h e  mass ba lance  l aw,  t h e  r e l e a s e  i n  each p e r i o d  is d e f i n e d  by 
where R i m j t  i s  t h e  r e l e a s e  volume; S i t  and S j , t + l  a r e  t h e  i n i t i a l  and t h e  
f i n a l  s t o r a g e s ,  r e s p e c t i v e l y ;  and t h e  l o s s e s  a r e  n e g l e c t e d .  While Eq. 3.2 
is used i n  t h e  model, t h e  a c t u a l  r e l e a s e  it s h o u l d  be modi f i ed  a c c o r d i n g  
t o  Eq. 3.1 a s  
and it = R i m j t  + 6 t  = S i t  + $ - S j , t + l  ( 3 . 4 )  
Equat ion 3.4 i n d i c a t e s  t h a t  t h e  a c t u a l  r e l e a s e  d i f f e r s  from t h e  
model r e l e a s e  by t h e  same amount a s  t h e  d i f f e r e n c e  between t h e  a c t u a l  and 
t h e  model i n f l o w s  i f  t h e  d i s c r e t e  s e l e c t i o n  on s t o r a g e  s t a t e  is s t r i c t l y  
fo l lowed .  Thus,  i t  is p o s s i b l e  t h a t  it may a c t u a l l y  v i o l a t e  t h e  a l l o w a b l e  
r e l e a s e  limits w h i l e  R i m j t  is s t i l l  w i t h i n  t h e  d e s i r a b l e  r e l e a s e  r a n g e .  A 
p r a c t i c a l  r e s o l u t i o n  might be t o  r e s t r i c t  it from v i o l a t i n g  any r e l e a s e  
l i m i t ,  and t o  d i s p l a c e  6 t  t o  t h e  f i n a l  s t o r a g e  S j  , t + l  which cou ld  be 
gradually adjusted back t o  one of the d i sc re te  s t a t e s  i n  the  subsequent 
operation periods. In case tha t  S j  , t + l  would a l s o  v io la te  the storage 
const ra ints  when absorbing 6t ,  a  decision must be made t o  weigh the  
r e l a t i v e  s eve r i t i e s  of re lease  and storage violat ions fo r  a  given 
reservoir  system. 
The above observation dist inguishes between the  imp1 i c i  t assumptions 
associated w i t h  the  inflow and the  s torage s t a t e s  i n  d i sc re te  SP models. 
More discussion of the inflow and storage par t i t ions  is given i n  the 
s e n s i t i v i t y  analyses i n  Sec. 3.3.2. 
3.2.1.3 Markov Transition Probability Matrix 
The Markov process model is widely used in  engineering practice t o  
describe natural  time s e r i e s .  I t  is a  conceptual model which assumes tha t  
the  s t a t e s  of a  system are  governed by the previous s t a t e s  through ce r ta in  
probabil i ty laws. The t r an s i t i on  probabi l i t ies  which d i c t a t e  the l i k e l i -  
hood of t r an s i t i on  from one s t a t e  t o  another can be estimated i n  two ways 
depending upon the  model s t ruc tu re  and the amount of information avail-  
able. They can be calculated d i rec t ly  from the h i s to r ica l  data by group- 
ing these data i n to  the corresponding d i s c r e t e  s t a t e  t rangi t ions .  The 
r e l a t i v e  frequencies of these mutually exclusive events can then be used 
t o  compute the  probabi l i t ies  of changing from one spec i f i c  s t a t e  t o  each 
of the  possible s t a t e s  i n  the  subsequent period. T h i s  empirical method is 
only f ea s ib l e  when the  h i s t o r i c a l  data base is large  enough t o  
character ize  t he  whole spectrum of t r an s i t i on  probabi l i t ies  properly. 
Unfortunately, r e a l  hydrologic data bases used i n  water resource systems 
s tud ies  a r e  ra re ly  su f f i c i en t l y  large .  
T h e  s e c o n d  way t o  estimate t h e  t r a n s i t i o n  p r o b a b i l i t y  m a t r i x  is t o  
u s e  a n  a n a l y t i c a l  method  (Wang a n d  Adams, 1 9 8 6 ) .  L e t  it a n d  b e  t h e  
c o n t i n u o u s  i n f l o w  v a r i a b l e s  i n  s u c c e s s i v e  p e r i o d s ;  a n d  Qmt a n d  Q n ,  t + l  b e  
t h e  c o r r e s p o n d i n g  i n f l o w s  i n  t h e  d i s c r e t e  d o m a i n ,  w h i c h  r e p r e s e n t s  t h e  
t r a n s i t i o n  f r o m  a s t a t e  m i n  p e r i o d  t t o  a s t a t e  n  i n  p e r i o d  t + l .  The 
p r o b a b i l i t y  o f  t h i s  j o i n t  e v e n t  Qmt a n d  Q n , t + l  o c c u r r i n g  c a n  b e  e x p r e s s e d  
as 
w h e r e  t h e  s u p e r s c r i p t s  u  a n d  R d e n o t e  t h e  u p p e r  a n d  t h e  l o w e r  b o u n d a r i e s  
of t h e  d i s c r e t e  i n f l o w  s tates  Qmt a n d  Q n , t + l ,  r e s p e c t i v e l y .  When w r i t t e n  
e x p l i c i t l y  i n  terms o f  t h e  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n s ,  Eq. 3 .5  is 
e q u i v a l e n t  t o  
where F t , t + l  ( Q t  ,Qt+ l  ) a n d  F t ( Q t )  d e n o t e  r e s p e c t i v e l y  t h e  j o i n t  a n d  t h e  
m a r g i n a l  i n f l o w  d i s t r i b u t i o n s .  A s  l o n g  as t h e  p r o b a b i l i t y  d e n s i t y  f unc- 
t t i o n s  c a n  be m a t h e m a t i c a l l y  d e f i n e d ,  Pmn c a n  be c a l c u l a t e d  r e a d i l y  by 
p e r f o r m i n g  n u m e r i c a l  i n t e g r a t i o n  o v e r  t h e  d e s i r e d  r a n g e  o f  i n f l o w  vo lumes .  
To use the analyt ica l  method e f fec t ive ly ,  ordinary inflows need t o  
be modified so  t ha t  the bivar ia te  d i s t r ibu t ion  function in  E q .  3.6a can be 
ea s i l y  obtained and evaluated. Usually, the inflow variable is trang- 
formed i n to  the standard normal va r ia te  Z by a ce r ta in  transformation 
function,  Z = z ( G ) ,  t o  represent more accurately the corre la t ion s t ruc tu re  
of the  flow variables (Stedinger, 1980). In  t h i s  study, a  logarithmic 
transformation is adopted t o  convert the natura l  inflows. A s  a  r e s u l t ,  
t the  t r an s i t i on  probabil i ty Pmn can be calculated i n  the  normal space as 
where Gt, t+l  (Zt ,Zt+l)  and G t ( Z t )  a r e  the j o in t  and the  marginal normal 
d i s t r ibu t ions  of the transformed inflows, w i t h  Z U  = Z ( Q U )  and Z R  = z ( q R ) .  
By specifying the upper limits of the two var iables ,  the b ivar ia te  normal 
d i s t r i bu t i on  can readi ly  be calculated.  Because a truncated d i s t r ibu t ion  
is assumed fo r  t h i s  s tudy,  a  f i n a l  normalization scheme defined by 
t is required t o  assure t ha t  Z ( P m n ) '  = 1'. 
n= 1 
for  a l l  m & t 
The Markov t r an s i t i on  probabil i ty matrix is model-dependent, as an 
underlying s tochas t i c  process is assumed fo r  the  h i s to r ica l  inflow se r i e s .  
Therefore,  using the  a n a l y t i c a l  method ou t l ined  above does not imply t h a t  
more hydrologic information,  i n  terms of the s t a t e - t o - s t a t e  t r a n s i t i o n s ,  
can be ex t r ac t ed  from the  h i s t o r i c a l  record. Rather,  i t  only provides a  
proper working b a s i s  t o  der ive  the  t r a n s i t i o n  p r o b a b i l i t i e s  under t h e  
t Markov assumption. In  the  fol lowing de r iva t ion ,  Pmn is  indisputably  used 
t r  i n  place of ( P m n )  fo r  represent ing  normalized t r a n s i t i o n  p r o b a b i l i t i e s  
t o  s impl i fy  t h e  mathematical form of an SP model. 
3.2.2 Optimization by Stochastic Dynamic Programming 
3.2.2.1 Model Formulation 
Consider the  cont ro l  of a  s i n g l e  r e se rvo i r  system i n  which a  year is 
divided i n t o  a  f i n i t e  number of opera t ion  periods. For each period t ,  l e t  
S i t  be the  i n i t i a l  s torage  l e v e l  a t  s t a t e  i ,  and Q m t  be the  inflow volume 
of s t a t e  m.  The f i n a l  s to rage  l e v e l  is t o  be determined s o  t h a t  the best  
long-term system performance can be expected, given t h e  cur rent  inflow and 
s torage  condit ions.  
Assuming t h a t  t he  r e s e r v o i r  ends opera t ion  a t  period t = T i n  some 
year i n  the  f u t u r e ,  de f ine  f z ( i , m )  a s  the t o t a l  expected value of system . 
performance w i t h  T periods t o  go, inc luding  the  cur rent  period. Thus, 
T = T - t + l  . Let B i m j t  be t h e  value of system performance assoc ia ted  w i t h  
S i t ,  Q m t ,  and a  f i n a l  s torage  volume S j  , t + l .  Then with only one period 
r emai ning , 
1 f T ( i , m )  = maximllll ( B i m j T )  f o r  a l l  i,m; j f e a s i b l e  ( 3 . 9 )  
j 
which simply s e l e c t s  the  l a r g e s t  B i m j T  value f o r  a l l  the  f e a s i b l e  j ' s .  
With  two periods remaining, t h e  maximum expected system performance can be 
determined by 
f 1  i m = maximum j - 1  + Bn)] 
j n 
f o r  a l l  i,m; j feas ib le  (3.10) 
where P:;' is  the t rans i t ion  probabil i ty of inflow s t a t e s  from % , ~ - 1  t o  
Qn,T. Because the outcome of inflow s t a t e  Qn,T is uncertain when looking 
forward from period T-1, the  s y s t e m  performance in  period T should be 
weighted by the possible t rans i t ions  from Qm.T-1 t o  a l l  Qn,T1s.  Thus, 
2 fT-1 ( i  ,m) defines the best expected performance i n  the f i n a l  two periods 
for each pair of S i  , T- 1 and Qm , T- 1 . 
Equation 3.10 can be generalized for  any period t ,  w i t h  T periods 
remaining, by the same recursive re la t ionship  as 
t T - 1  f c ( i ,m)  = maximum [ B i m j t  + Z P m n f t + l ( ~ , n ) I  
fo r  a l l  i ,m, t ;  j feas ib le  (3.11) 
Along the backward optimization procedure, not only can the  function 
f l ( i , r n )  be evaluated, but a l so  the corresponding storage decision j = 
t j ( i , m , t )  is determined. I f  B i m j t  and Pmn do not change for  the same 
period from year t o  year, and T is selected t o  be long enough, the  optimal 
storage decisions w i l l  be invariant for  the  same period i n  a year (Ross, 
1970). I n  tha t  case, the  steady-state operation policies have been found, 
and the  backward optimization procedure can be terminated. 
After the optimal policy fo r  the  f i n a l  s torage is determined, the 
re la ted optimal release R i m j t  can be determined by Eq.  3.2. Under a 
steady-state condition, the jo in t  probabil i ty of Rimjt, denoted by PRimjt, 
w i l l  be zero fo r  nonoptimal policies.  Loucks e t  a l .  ( 1  981, p. 326) showed 
tha t  the P R i m j t  values can be calculated by solving the following l inear  
simultaneous equations 
1 M t  
and Z Z P R i m j t  = 1 
i = l  m=l 
f o r  a l l  j , n , t  (3 .12)  
f o r  a l l  t (3 .13)  
One e q u a t i o n  i n  Eq. 3.12 f o r  each t i m e  p e r i o d  is redundan t ;  t h u s  a f t e r  
e l i m i n a t i n g  t h e  redundant  e q u a t i o n s  t h e  number of e q u a t i o n s  i n  Eqs. 3.12 
and 3.13 e q u a l s  t h e  number of t h e  unknowns. 
The t o t a l  number of unknowns i n  t h e s e  e q u a t i o n s  e q u a l s  t h e  product 
of t h e  numbers of t h e  s t o r a g e  s t a t e s ,  t h e  in f low s t a t e s ,  and t h e  t i m e  
p e r i o d s  i n  a  year .  Thus, t h e  s i z e  of t h e  s o l u t i o n  m a t r i x  may become 
enormous when many s t a t e s  and t i m e  p e r i o d s  a r e  c o n s i d e r e d .  Rather  t h a n  
t r y i n g  t o  s o l v e  f o r  t h e  P R i m j t 1 s  d i r e c t l y ,  t h e  s u c c e s s i v e  s u b s t i t u t i o n  
method i s  recommended. That i s ,  a n  a r b i t r a r y  d i s t r i b u t i o n  f o r  PRimjl i s  
assumed and s u b s t i t u t e d  i n t o  Eq. 3.12 t o  c a l c u l a t e  P R j n k 2 .  Then, t h e  same 
p rocess  is r e p e a t e d  f o r  t h e  subsequen t  p e r i o d s  u n t i l  t h e  P R i m j t l s  converge 
t o  t h e  s t e a d y - s t a t e  p r o b a b i l i t i e s .  The advan tage  of u s i n g  s u c c e s s i v e  
s u b s t i t u t i o n  i s  t h a t  i t  i n v o l v e s  o n l y  s i m p l e  a r i t h m e t i c  o p e r a t i o n s  w i t h  a  
much s m a l l e r  m a t r i x  s t r u c t u r e .  Fur the rmore ,  t h e  r a t e  of convergence is  
g e n e r a l l y  ve ry  e f f i c i e n t  s o  t h a t  o n l y  t h e  P R i m j t l s  i n  f i r s t  few p e r i o d s  
need t o  be r e c a l c u l a t e d .  
A f t e r  t h e  s t e a d y - s t a t e  p r o b a b i l i t i e s  a r e  o b t a i n e d ,  t h e  expec ted  
annua l  sys tem performance can be c a l c u l a t e d  by 
T I M t  
Expected Annual Performance = Z Z Z B i m j t P R i m j t  
t = l  i = l  m = l  
j = j ( i , m , t )  
i n  which T now denotes the number of operation periods i n  a year, and M t  
is the  t o t a l  number of inflow s t a t e s  for  period t ,  t = l ,  ..., T.  
3.2.2.2 Model vs. Reality 
In a typical  s tochast ic  programming model, the  system performance is 
usually assumed t o  be a function of e i t he r  the  re lease  or  the  storage,  or 
both. However, the optimal re lease  calculated from the mass balance 
equation in  an SP model does not r ea l l y  prescribe how t h i s  amount of 
outflow would be regulated within t ha t  operation period. Ideal ly ,  there  
could be two extreme schemes in  control l ing the  storage and the  release.  
For the f i r s t  scheme, depicted i n  Fig. 3 . 3 ( a ) ,  the storage is varied a t  
a constant r a t e ,  and the  re lease  r a t e  r w i l l  f luctuate  w i t h  the inflow 
r a t e  q on a real-time operation basis .  The fixed difference of q and r 
equals the  r a t e  of change i n  storage. In the  second scheme, i l l u s t r a t ed  
by Fig. 3 .3 (b) ,  the re lease  is held constant whenever possible, and the 
storage level  w i l l  f luctuate  as  a r e su l t  of the  uniform release.  Both 
schemes a re  based on the assumption t ha t  the t o t a l  inflow volume is 
predicted accurately i n  the  beginning of an operation period. 
However, a r ea l  reservoir  system is l i ke ly  t o  be regulated between 
these two extremes, as  an operator must respond t o  the  constantly changing 
inflow s i t ua t i ons .  For example, the water level  as a function of the 
s torage s t a t e  a f f ec t s  d i rec t ly  the various recreational  and agr icu l tu ra l  
a c t i v i t i e s  re la ted t o  a reservoir .  Therefore, it is desirable t o  control 
the  s torage s tage according t o  the  optimal ru l e  w i t h  minimum f luctuat ions  
i n  an operation period. Meanwhile, i t  is a l so  important t o  prevent 
abrupt changes of the  storage level  t o  avoid potent ia l  erosion along the 
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Figure 3 .3  Comparison of Two Extreme Reservoir  Regulation Schemes Based 
on t h e  Same Discre te  Pol icy:  ( a )  Constant Rate of Changing 
from I n i t i a l  Storage S t a t e  t o  F ina l  Storage S t a t e ,  and (b) 
Constant Release Rate. 
reservoir  banks. Thus, both the t o t a l  s torage volume and its changing 
r a t e  a re  important i n  evaluating the reservoir  performance. 
Equally crucia l  is the protection of downstream floodplains,  which 
depends largely  upon the re lease  r a t e  from the upstream reservoir .  The 
t o t a l  re lease  volume over a long period usually would not have great 
impact on flooding which is a r e l a t i ve ly  short-term phenomenon. However, 
f o r  meeting water supply, i r r i ga t i on ,  and sometimes hydropower production 
demands under pers is t ing drought condit ions,  the  t o t a l  amount of water 
ava i l ab le  f o r  these purposes becomes a determining fac to r .  
In  SP modeling fo r  steady-state reservoir  operations, no exp l i c i t  
r e la t ionsh ip  is considered between the  inflow var ia t ion and the t o t a l  
inflow volume fo r  each operation period. Without perfect  inflow informa- 
t ion ,  SP models ce r ta in ly  depart from r e a l i t y .  A s  the d i sc re te  time 
in terval  is decreased, the discrepancy between model and r e a l i t y  maybe 
expected t o  diminish. However, f o r  models w i t h  a  longer operation period, 
the performance functions should be careful ly  se lected.  
3 .3  Sens i t i v i t y  Analysis 
I t  has been observed in  the previous sections that  qui te  a few 
uncer ta int ies  as well as d i f f i c u l t i e s  could ex i s t  in  building a typical  SP 
model for  reservoir  operation. In the following sec t ions ,  s e n s i t i v i t y  
analyses a re  conducted fo r  a wide var ie ty  of system conditions which can 
be characterized by the r a t i o  of reservoir  capacity t o  the mean annual 
inflow volume, the var ia t ions  of inflows within and across the  seasons, 
and the  performance measures fo r  system operation. Some unique features  
of SP modeling a re  demonstrated; and t he  optimal r e s u l t s  discussed. 
3.3.1 Basic System Setup 
* 
Given a  f i x e d  mean annual inflow volume Ga of 50 , t he  hypothet ical  
r e s e r v o i r  is assumed t o  have one of t h e  th ree  d i s t i n c t  a c t i v e  s t o r a g e  
c a p a c i t i e s  Sc of 25, 50, and 100. They represent  t h r e e  values of the  
s t o r a g e  r a t i o  u of 0.5,  1 ,  and 2,  which provide d i f f e r e n t  l e v e l s  of inflow 
con t ro l .  A year is  divided i n t o  four  opera t ion  periods t o  r e f l e c t  t h e  
seasonal  v a r i a t i o n  of t h e  inf lows ,  and hence i ts  in f luence  on t h e  i n t r a -  
per iod r e l e a s e  and s to rage  r egu la t ions .  The mean seasonal  inflows i d ,  f o r  
d  = 1 ,  2 ,  3 ,  and 4 ,  a r e  chosen t o  be 2.5, 12.5, 22.5, and 12.5,  
r e s p e c t i v e l y ,  w i t h  t h e  corresponding upper bounds of inflow volumes being 
1 0 4 ~ .  Both t h e  c o r r e l a t i o n  c o e f f i c i e n t  pd and the  c o e f f i c i e n t  of var i-  
a t i o n  vd a r e  assumed t o  be constants  f o r  t h e  four  seasons with values of 
0.5 and 1 . 0 ,  r e spec t ive ly .  The r e l a t i v e  magnitudes of t he  above inf low 
s t a t i s t i c s  were s e l e c t e d  t o  resemble t y p i c a l  hydrologic condi t ions  i n  
c e n t r a l  I l l i n o i s .  Both pd and vd were varied t o  cover a  much wider range 
of inflow s i t u a t i o n s .  Assuming t h e  inflows a r e  charac te r ized  by t h e  t run-  . 
ca ted  lognormal d i s t r i b u t i o n ,  t he  t r a n s i t i o n  p r o b a b i l i t y  matr ix can be 
est imated using these. inflow s t a t i s t i c s  and the  a n a l y t i c a l  method descr ib-  
ed i n  Sec t ion  3.2.1.3. Values of t he  above parameters and s t a t i s t i c s  a r e  
summarized i n  Table 3.1. 
To begin t h e  s tudy ,  only t h e  s i n g l e  o b j e c t i v e  of downstream f lood  
p ro t ec t ion  i s  considered. La te r ,  a  second o b j e c t i v e  of hydropower 
genera t ion  is  added t o  demonstrate t h e  t r a d e o f f s  between t h e s e  two 
......................................................................... 
* Note: Since the  only s i g n i f i c a n c e  of numerical values is  t h e i r  r e l a t i v e  
values,  no u n i t  w i l l  be given Both s to rage  and inflow a r e  i n  3 t he  same volumetric u n i t  of L . 
Table 3.1 Values of Parameters and Performance Functions Used f o r  the 
Hypothetical Reservoir System and fo r  the  Corresponding 
Sens i t iv i ty  Analysis of SP Models. 
Category ~ a l  ue l Commen t 
Reservoir Character is t ics :  
a .  Active Storage Capacity, Sc 
Inflow S t a t i s t i c s :  
a .  Mean Annual Inflow Volume, ia - 50 
b .  Mean Seasonal Inflow Volumes, Q1 2.5 
-42 12.5 
'3 22.5 Q 12:5 
c .  Maximum Seasonal Inflows, Qdsmax 1 OQd 
d. Variation of Inflows: 
1 .  Correlat ion Coefficient ,  pd,d+l 0.3,0.5:,0.7 
2. Coefficient  of Variation, vd  0.5,l  . O  ,1.5 
Par t i t ions  of Sta tes :  
a .  Number of Inflow S t a t e s ,  NQ 5,10,20 
b. Number of Storage S ta tes ,  NS 4,7,12,22 
Performance Evaluation (Objectives ): 
a.  Flood Damage, (Rt-30) 8 ,  Rt>30 
0 R ~ 3 0  
b. Hydropower Production, w t ,  c ( s ~ + s ~ + ~  ) / 2 1 ° e 5 ~  
(sC/Qa=o. 5,1 ,2)  
truncated 
lognormal 
d i s t r ibu t ion  
* t y p i c a l  
values 
including two 
extreme s t a t e s  
of s t r i c t  empt- 
iness and f u l l -  
ness 
K { ,  I :  
hydropower 
product ion 
as a function 
of R t , . S t ,  and 
St+l  
l  Storage and inflow a r e  i n  commensurate volumetric uni ts ;  flood damage 
and hydropower production a r e  simplif ied measures of dol lars  and 
KW-hrs, respectively.  
d i s t i nc t  object ives  f o r  d i f ferent  re lease  decisions. For the  flood 
protection objective i t  is  assumed tha t  based on a  separate  study of the 
downstream channel capacity,  the maximum allowable r e l e a se ,  when d i s -  
charged uniformly from the rese rvo i r ,  is  l imited t o  30 i n  each period. 
Beyond t h i s  threshold value, the re lease  would cause damages t o  the 
downstream r ipa r ian  areas.  A s implif ied cost index i s  used i n  the  SP 
model t o  measure flood damages. A "damage costt1 of (Rt-30)o w i l l  be 
induced whenever a  re lease  R t  exceeds the allowable l i m i t ,  while no damage 
w i l l  be recorded i f  R t  is l e s s  than or equal t o  30. 6 is se lected t o  be 
0.5, 1 ,  and 2 ,  respect ively ,  t o  encompass the possible ways that  the 
damage function may be defined ( i . e . ,  i t  may be concave, l i n e a r ,  or 
convex). The value of 6 w i l l  d i rec t ly  a f fec t  the  optimal control pol ic ies  
as  t o  how much the current system s i t ua t i on  is weighted against  fu tu re  
inflow and storage conditions. 
3.3.2 Partitions of Inflow and Storage States 
I n  the  theoret ica l  development of SP podels,  the  increment values of 
the inflow and the storage s t a t e s  A Q  and AS a re  commonly s e t  equal t o  each 
other. For r e a l  r ese rvo i r  systems, however, i t  is d i f f i c u l t  t o  define the 
inflow and the  storage s t a t e s  w i t h  exactly the same increment values. 
Hence i t  is considered appropriate i n  r e a l  s tud ies  f o r  AQ and AS t o  be 
chosen w i t h  roughly the same magnitude i n  r e a l  s tud ies .  Under some 
circumstances, t o  s e t  AQ and AS approximately equal in  value would lead t o  
a  large  number of storage s t a t e s  i f  the t o t a l  s torage space is  much larger  
than the  normal inflow volume within an operation period. Besides, i n  
order t o  reduce the probable e r ro rs  and d i s to r t ions  caused by d i sc re t i za -  
t i on ,  t he  inflow and the  s torage s t a t e s  could be conservatively chosen s o  
tha t  the  number of s t a t e s  might be much more than needed t o  characterize 
the system performance. There are  some c r i t e r i a  developed from theoreti-  
ca l  s tud ies  (Doran, 1975; and KlemeS, 1977) t o  determine the  l e a s t  number 
required fo r  d iscre t iz ing the inflow as well as the storage i n  a SPmodel. 
However, these ru l e s  simply ident i fy  the upper bounds f o r  the  numbers of 
s t a t e s  which assure s t a b l e  optimal r e s u l t s ,  and sometimes these numbers 
may r e s u l t  in  a very large  SP model t ha t  is computationally impractical t o  
solve . 
Similar arguments can be applied t o  the pa r t i t i on  of inflows i n  
d i f fe ren t  seasons. The inflows usually exhibi t  seasonal var ia t ion,  and 
the range of the inflow d i s t r ibu t ion  fo r  the wet season can be much 
broader than that  of the dry season. Thus, an inflow par t i t ion  which is 
considered appropriate fo r  the wet season inflow may be too coarse fo r  the 
d r y  season inflow i f  the  same increment is used. 
For typical  SP models, the system performance would be evaluated a t  
d i sc re te  s t a t e s  of e i the r  the inflow or the  storage. Thus, as  long as the  
performance measures and the resu l t ing  optimal solutions can be well 
represented by the  selected discre te  s t a t e s ,  there  seems t o  be no spec i f i c  
reason why the inflow pa r t i t i on  cannot be varied from season t o  season and 
d i f fe ren t  from the  par t i t ion  of storage s t a t e s .  I n  the  following 
analysis ,  an experiment is designed t o  t e s t  the significance of par t i t ions  
of both the  inflow and the  storage s t a t e s  on the  modeling r e su l t s .  
The basic s e t t i n g  defined i n  Section 3.3.1 is adopted fo r  the 
hypothetical reservoir  system. The inflow of each season is divided in to  
N Q  = 5,  10, and 20 s t a t e s  t o  represent d i f ferent  l eve l s  of precision w i t h  
d iscre t izat ion.  The storage is part i t ioned i n to  NS = 4, 7, 12, and 22 
s t a t e s ,  with each s e t  including the  two extreme s t a t e s  of s t r i c t l y  empty 
and s t r i c t l y  f u l l  reservoi rs  with zero s t a t e  i n t e r v a l .  An optimizat ion 
model is formulated and solved using s t o c h a s t i c  dynamic programming t o  
minimize the  expected annual f lood damage. The expected system 
performance can be evaluated using Eq .  3.1 4 f o r  each combination of 
- 
NS and N Q ,  f o r  various ac t ive  s torage  t o  mean annual inflow r a t i o s  Sc/Qa, 
and f o r  d i f f e r e n t  values of the  exponent B of the  damage function.  The 
r e s u l t s  of a  number of t e s t s  incorporat ing these  var ia t ions  a r e  summarized 
graphical ly i n  Figs. 3.4-3.6, and discussed i n  the  following sec t ions .  
3.3.2.1 Effects on Expected Performance 
Despite the  d i s t i n c t  measures of t h e  flood damage, namely the  
concave function with 6 = 0.5, the  l i n e a r  function with B = 1 ,  and the  
convex function with B = 2 ,  the  pa t terns  of convergence of the  expected 
damage as a  r e s u l t  of f i n e r  p a r t i t i o n s  of s t a t e  var iables  a r e  very s imi lar  
i n  general ,  as  described i n  the  following paragraph. In  add i t ion ,  f o r  
most combinations of NS and N Q ,  AS and A Q  a r e  not s e t  exact ly equal ,  and 
sometimes d i f f e r  i n  value by more than an order of magnitude. Neverthe- 
l e s s ,  the  general t rend of convergence of the  expected f lood damage is not 
s i g n i f i c a n t l y  d i s to r t ed  by the  d i f ference  between AS and AQ. The follow- 
ing observations and comments a r e  considered appl icable  f o r  a wide va r i e ty  
of performance measures taking the  form of ( R t  - 30)B, fo r  R t  > 30. 
The expected damage as  a  funct ion  of the  number of s torage s t a t e s  NS 
quickly l e v e l s  off a s  NS increases.  T h i s  indica tes  t h a t  the  optimal deci- 
s i o n s ,  represented by the  d i s c r e t e  values of the f i n a l  s torage ,  become 
s t a b i l i z e d  a s  NS increases ,  and eventual ly would converge t o  the  t r u e  
continuous optimal decision values as the increment s i z e  ge t s  smaller .  
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For NS - > 12 and N Q  > 10, the change i n  damage index becomes negligible 
- 
when considering the probable uncer ta int ies  involved i n  choosing the  r igh t  
performance function as  well a s  obtaining accurate hydrologic models. 
The significance of pa r t i t ions  depends upon the  storage capacity as 
well.  For sc/Ga = 0.5, the ac t ive  storage space (Sc = 25) is barely 
greater  than the mean inflow volume of the wet season (ia = 22.5). 
Since the damages a r e  mostly concentrated i n  the  wet season, the  inflow 
var ia t ion within t h a t  period, w i t h  r e l a t i ve ly  l i t t l e  storage space 
ava i l ab le ,  would more l i k e l y  contribute t o  the downstream flooding than 
t ha t  of any other season. Hence, i t  would be more c r i t i c a l  t o  d i sc re t i ze  
the  wet season inflows properly than the storage variable.  T h i s  e f f ec t  is 
i l l u s t r a t e d  i n  Figs. 3.4-3.6 by comparing the r a t e s  of convergence i n  
performance evaluation fo r  the  group of curves associated w i t h  sc/ia = 
0.5. Increasing NS would not improve the damage estimation s ign i f i can t ly ,  
while NQ needs t o  be greater  than or equal t o  10 t o  converge c losely  t o  a 
s t a b l e  and correct  solution.  For larger  storage r a t i o s ,  the  inflow 
var ia t ion would most l i k e l y  cause storage f luctuat ion3 i n  the reservoir  
fo r  each operation period. A s  a  r e s u l t ,  f o r  representing the  proper 
t r an s i t i ons  between the  storage s t a t e s ,  the pa r t i t i on  of storage variables 
would be more crucia l  than t ha t  of inflows. I t  should be noted t ha t  i f  
the  number of periods considered i n  a year is increased, the  possible 
amount of inflow entering the  reservoir  in each period w i l l  be decreased; 
consequently, the pa r t i t i on  of inflows w i l l  become l e s s  important than 
t ha t  of the  storage.  
Because of the' seasonal var ia t ion of inflows, the  majority of flood 
damages would be induced i n  the wet season. Therefore, more emphasis 
should be placed on the par t i t ions  of wet season inflows than on those of 
dry season inflows. For example, when N Q  = 10, the flow increment fo r  
period three  is 22.5, while the  probable maximum inflow i n  period one is 
only 25. I t  was found t ha t  the expected damage was essen t ia l ly  unchanged 
i f  many fewer inflow s t a t e s  were considered fo r  the dry season, given the 
same increment of d i sc re te  inflows in  the  wet season. Thus, i t  seems 
unnecessary t o  divide the dry season inflows i n to  excessively f i n e  incre- 
ments t o  improve d ras t i ca l ly  the estimation of the expected system per- 
f ormance . 
When only a few inflow and storage s t a t e s  a r e  considered, r e su l t s  
t h a t  seem conf l i c t ing  might occur. For example, w i t h  NS = 4, the  expected 
annual flood damage was calculated t o  be larger  fo r  sC/Qa = 2 than fo r  
sC/Qa = 1 for  a l l  6's considered (except fo r  6 = 2 and NQ = 5 ) .  T h i s  is 
c lea r ly  contradictory t o  the  i n tu i t i ve  understanding t ha t  a larger  reser-  
voir  s torage capacity should provide be t t e r  protection against  flooding. 
The r e s u l t  computed is mainly caused by the d i f fe ren t  precisions associat-  
ed w i t h  the  storage s t a t e s .  A storage increment of 25 is used in  sC/Qa 
= 1 , compared t o  an increment of 50 i n  sC/Qa = 2.  The misleading damage 
evaluation fo r  sC/Qa = 2, NS = 7 ,  NQ = 5,  and 0 = 1 ,  as revealed in  Fig. 
3 . 5 ( a ) ,  might not be ea s i l y  recognized i f  no s e n s i t i v i t y  analysis  of the 
s t a t e  pa r t i t i ons  was conducted. Therefore, it would be qui te  r i sky t o  use 
an SP model in  any preliminary study t o  screen out in fe r io r  a l t e rna t ives  
when only a few inflow and storage s t a t e s  were considered. 
3.3.2.2 Effects on Optimal Decisions 
Although the system performance as expressed by the  expected flood 
damage of fe r s  a d i rec t  way t o  evaluate the appropriateness of s t a t e  
par t i t ions ,  i t  does not indicate  whether the  optimal decisions are proper- 
l y  represented by the d i sc re te  solut ions .  Figure 3.7 shows the typical  
trend of convergence of the  optimal d i sc re te  solut ions  fo r  increasing 
numbers of inflow and storage s t a t e s .  The d i sc re te  solut ions  would 
gradually approach a hyperplane representing the continuous decisions in 
3-dimensional space. For the example case i n  which only flood control 
is considered, the decision seems approximately l inear  as revealed by Fig. 
3 .7(a) .  However, the optimal decisions i n  F i g .  3.7(b, c )  w i t h  f i ne r  s t a t e  
increments begin t o  exhibi t  some nonlineari t i e s .  Such nonlineari t i e s  
i m p l y  tha t  a unique discre te  optimal policy can not be determined s i m p l y  
based on the  t o t a l  volume of the  i n i t i a l  storage and the current  inflow. 
T h i s  is because there  is a unique steady-state probabil i ty P R i j m t  associ- 
ated w i t h  each pair  of S i t  and Qmt, and the  resu l t ing  optimal re lease  
decision depends not only on the absolute flood damage measure, b u t  a lso  
on the chance fo r  t h i s  event t o  occur. Re l iab i l i ty  programming models 
mentioned i n  Sec. 2.3 might not capture t h i s  nonlinear fea ture  i n  the  
optimal decision space s ince  a l inear  decision ru l e  ( L D R )  would usually be 
implied (Loucks, 1970). 
For r e a l  applications where problem solution is subject t o  time and 
budget const ra ints ,  i t  is usually impractical t o  repeat the  same SP model 
fo r  various precisions of the s t a t e  par t i t ions  i n  order t o  assure tha t  
proper r e s u l t s  a re  obtained. However, i t  is possible t o  examine whether 
the d i sc re te  optimal solutions comply w i t h  the c r i t e r i a  fo r  measuring the  
system performance. I n  F i g .  3.8 t he  optimal decisions a re  represented by 
the re lease  R t .  Since R t  is d i rec t ly  re la ted  t o  the downstream flooding 
and is used t o  compute the corresponding damage, a t r ans i t i on  on the 
Optimal Discrete Decisions in Final Storage, St+, 
F i g u r e  3.7 I l l u s t r a t i o n  of t h e  Optimal Discrete D e c i s i o n s  Expressed i n  
t h e  F i n a l  S t o r a g e  S t a t e s ,  S t + l ,  f o r  D i f f e r e n t  P a r t i t i o n s  of 
In f low and S t o r a g e  S t a t e s ;  f o r  Sc = 100, B = 2 ,  and t = 2. 
Optimal Discrete Decisions in Release, R, 
Figure 3.8 I l l u s t r a t i o n  of t h e  Optimal Discre te  Decisions Expressed i n  
Release, R t ,  f o r  NS = 12, NQ = 10, Sc = 100, 0 = 2,  and t = 2. 
hyperplane describing the  optimal decision s e t  should be expected t o  
e x i s t  t o  represent the threshold value ( R t  = 30) dist inguishing the s i t u -  
a t ions  w i t h  or  without flooding. That boundary can be observed i n  Fig. 
3.8 near R t  = 30. T h i s  p ic ture  shows that  consistent decisions would be 
made t o  keep excessive inflows ins ide  the  reservoir  t o  protect against  
downstream flooding. Therefore, i t  is believed t ha t  as long as  the 
correspondence between the  optimal pol ic ies  and the governing c r i t e r i a  f o r  
reservoir  control can be demonstrated unambiguously by the  optimal 
d i sc re te  so lu t ions ,  the pa r t i t ions  of the  s t a t e s  should be appropriate. 
On the other hand, fo r  models w i t h  complicated performance functions or 
many d i s t i n c t  object ives ,  t h i s  r e la t ionsh ip  might not be ea s i l y  observed 
w i t h  crude d i sc re t i za t ion  of the s t a t e s .  
3.3.3 Errors in  Hydrologic Parameter Estimation 
Because s tochast ic  programming models include p robab i l i s t i c  fea tu res  
of the natura l  hydrologic time s e r i e s  i n  the optimization procedure, 
e r ro r s  from parameter estimation f o r  the  inflow d i s t r ibu t ions ,  and hence 
e r ro rs  i n  the Markov t r an s i t i on  probabil i ty matrices,  may a f f ec t  the 
evaluation of expected system performance as well a s  f i n a l  optimal deci- 
s ions .  The s t a t i s t i c s  commonly used t o  characterize a  hydrologic time 
s e r i e s  a r e  t he  mean, the  standard e r ro r ,  the  skew coef f ic ien t ,  and the  
s e r i a l  corre la t ion p between inflows i n  successive time periods. For 
lognormally dis t r ibuted random var iables ,  the  skew coeff ic ient  is a  
function so l e ly  of the coeff ic ient  of var ia t ion,  v ,  defined by the  r a t i o  
of the  standard e r ro r  t o  the  mean (Haan, 1977). Since f o r  the  
hypothetical reservoir  system the inflows a re  assumed approximately 
lognormal (although truncated a t  Qd = 1 O Q d ) ,  the  uncertainty associated 
w i t h  the  skew coeff ic ient  is not considered separately. In addit ion,  
inflow variat ions within each season are represented by the  coeff ic ient  of 
var ia t ion t o  reduce the  number of parameter values considered i n  the 
following s ens i t i v i t y  analysis .  
For each combination of the storage capacity and the damage function 
considered, the SP model fo r  the hypothetical system was solved fo r  v = 
0.5, 1.0, 1.5, and f o r  p = 0.3, 0.5, 0.7, using NS = 12 and N Q  = 10. I t  
is believed tha t  these ranges fo r  v and p encompass the hydrologic condi- 
t ions  fo r  most real  watersheds i n  the U.S w i t h  patterns of seasonal inflow 
var ia t ion s imilar  t o  tha t  of the hypothetical system. The r e s u l t s  are  
i l l u s t r a t e d  i n  Fig. 3.9. I t  can be observed tha t  as e i the r  v or p changes 
from one extreme value t o  the  other ,  the  resu l t ing  estimate of the expect- 
ed damage cost  can vary over several orders of magnitude. Through the 
following regression analysis ,  the  tremendous e r rors  l ike ly  t o  be incurred 
i n  damage estimation are  presented and discussed. 
Let the expected damage i n  Fig. 3.9 be a function of both v and p, 
for a given combination of Sc and B .  The continuous damage hyperplane may 
be approximated by performing multiple regression on the discre te  points 
represented by the nine combinations of v and p .  Assume tha t  the regres- 
sion hyperplane can be described by a second-order polynomial as 
i n  which Y is the expected damage from the SP model; and the  ad, d = 
0, 1 ,  ... 5 ,  a r e  t he  estimated coeff ic ients  from regression. To measure 
the r e l a t i v e  sensi t i 'v i ty  of Y due t o  a small change i n  e i ther  v or p ,  take 
the pa r t i a l  derivatives of Y w i t h  respect t o  v and p separately.  After 
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normalization, the  following equations can be obtained: 
Equations 3.16 and 3.17 t h u s  represent the  percentage changes of the 
expected flood damage as a r e su l t  of the percentage e r ro r s  involved i n  
estimating v and p .  Numerical resu l t s  are  summarized i n  Table 3.2 f o r  
d i f fe ren t  Sc and B values, a l l  evaluated a t  v = 1.0 and p = 0.5. 
The second-order polynomial regression equation f o r  the expected 
damage Y, Eq. 3.15, proved t o  be adequate as can be shown by the value of 
the  percentage explanation b y  the  regression equation i n  the  l a s t  column 
of Table 3.2. It  a l so  demonstrates t h a t ,  regardless of the damage func- 
t ion  used, the  s ens i t i v i t y  of the expected flood damage depends more on 
the uncertainty of the variat ion of inflows within each period than on the 
s e r i a l  corre la t ion between the  inflows i n  successive operation periods. 
For a storage r a t i o  of 2.0 (Sc = 100, Qa = 50) ,  the corre la t ion coeffi- 
cient  would contribute an error  of roughly the  same value in  percentage t o  
t ha t  i n  damage estimation. However, f o r  small storage capaci t ies ,  the 
influence of accurate s e r i a l  correlat ions quickly becomes negl igible .  
With l i t t l e  or no storage space avai lable  fo r  the incoming f loods ,  the  
expected system performance would depend more upon the  steady-state 
probabil i ty of a hydrologic event than upon the conditional probabil i ty of 
the  previous event. Therefore, the  error  of the  s e r i a l  corre la t ion 
between the  seasonal inflows would have minimum ef fec t s  on the evaluation 
of expected system performance. 
Table 3.2 Relat ive Sens i t i v i t y  of Annual Expected Flood Damage due t o  
Errors i n  Estimating the  Coefficient  of Variation v and the 
Correlat ion Coefficient  p ,  Evaluated a t  v = 1.0 and p = 0.5, 
and NS = 12 a n d  N Q  = 10. 
Storage Damage a Y /  Y ay /  Y Per centage 
Capacity, Function ------ ------ Explanation 
Index, av/  v a p  / P  BY 
c  B Regression 
Equation 
a Y / Y  
------ 
~ P I P  
= ( a2  + 2a4p + a5v) -:- 
A A A 
Y = Y ( v , p >  
The coeff ic ient  of var ia t ion v measures the  r e l a t i ve  dispersion of 
the inflows w i t h  respect t o  i ts  mean. Therefore, e r ro rs  i n  estimating v 
would a l t e r  the chance of occurrence of the extreme events. These extreme 
events, i n  tu rn ,  would a f fec t  the calculation of the expected system 
performance (Eq. 3 . 1 4 ) .  T h i s  explains why v consistently a f fec t s  the  
accuracy of the expected damage estimation no matter what storage r a t i o  or 
damage function might be used. The importance of accurate estimation of 
the  s e r i a l  corre la t ions  of a  hydrologic time s e r i e s  has been noticed and 
ver i f ied  i n  many reservoir  s tud ies ,  while the  influence associated w i t h  
the var ia t ion of inflows on the system performance were generally l e s s  
discussed. The numerical evidence i n  Table 3.2 highlights the  r e l a t i v e  
importance of the two hydrologic parameters fo r  estimating the  expected 
system performance. Other combinations of v and p values were evaluated 
as well; they demonstrated r e s u l t s  similar  t o  those shown i n  Table 3 .2  and 
a r e  not discussed fu r ther .  
Care should be exercised, however, i n  generalizing the above asser- 
t ions .  For the  hypothetical reservoir  system, the  flood damage was the  
only index fo r  evaluating the system performance. For a  system where the 
major portion of the  expected performance occurs f o r  the  normal inflow 
conditions, e.g.,  the benefi ts  from water supply, i r r i g a t i o n ,  and hydro- 
power production, the  influence of both v and p might not be as s i gn i f i -  
cant as that  of a  reservoir  system w i t h  flood protection as the only 
objective.  
3.3.4 Effects  of Performance Evaluation Function 
Another major source of uncertainty i n  SP modeling besides the  
probable hydrologic e r rors  is the functions used t o  evaluate the  expected 
performance of a reservoir  system. Many f ac to r s  might contribute t o  
e r ro rs  i n  measuring the  system performance, which involve the  in terpreta-  
t i on  of the  socio-economic goals,  the  weighting scheme between dif ferent  
objectives,  or  the uncertainty i n  fu tu re  development of the r iver  basin. 
I t  has been observed previously from Fig. 3.9 tha t  tremendous uncertainty 
could ex i s t  i n  evaluating the expected flood damage when the error  of the 
damage function,  i . e . ,  the  error of 0, is large. Therefore, i t  is impor- 
t an t  t o  examine the r e l a t i ve  s e n s i t i v i t y  of the expected damage due t o  
e r rors  from the damage evaluation function. 
Let the expected damage i n  Fig. 3.9 be a function of 0, and be 
expressed by a power function of the  following form: 
i n  which Y is the expected flood damage, and co, c l ,  and c2 are  the 
coeff ic ients  t o  be estimated. For a given s e t  of Sc, v, and p values, 
only th ree  Y1s were obtained from the  SP model using B = 2.0, 1.0, and 
0.5. Therefore, the coeff ic ients  i n  E q .  3.18 can be solved exactly.  To 
measure the  s e n s i t i v i t y  of Y from 0, take the pa r t i a l  derivative of Y w i t h  
respect t o  B. After normalizing the d i f f e r en t i a l  by the  values of Y and B 
being evaluated, one obtains 
Table 3.3 contains the r e su l t s  based on E q .  3.19 for  d i f ferent  Sc, v,  and 
p values . 
Table 3.3 Relative Sensitivity of Annual Expected Flood Damage due to 
Errors in Estimating the Parameter of Damage Function, for 
NS = 12 and NQ = 10. 
a y / y  
------ 
Storage Coefficient Correlation a B / B  
Capacity, o f Coefficient , C2 B 
Variation, 
I t  i s  in te res t ing  t o  note that  the  general trend of the  r e l a t i ve  
s e n s i t i v i t y  i n  estimating the expected damage is consistent  fo r  each 
d i s t i n c t  damage function considered, 0 = 0.5, 1 .O, 2.0, f o r  a wide spec- 
trum of Sc, v, and p values. When the  quadratic function is used, an 
e r ro r  from 0 w i l l  be magnified approximately 5 t o  6 times i n  the  f i na l  
evaluation of the expected flood damage. For the  l i nea r  damage function,  
t h i s  e r ro r  magnifying factor  ranges from 3 t o  5 ,  and still a f f ec t s  the 
evaluation of system performance t o  a great  extent .  A s  0 is reduced 
below one, the impact on Y from the  e r ro r  i n  0 w i l l  diminish quickly. The 
normalized d i f f e r en t i a l  in  Eq. 3.19 is actual ly  bounded by two f i n i t e  
numbers. When 8 approaches =, co i n  Eq. 3.18 becomes negligible compared 
t o  cl p 2 ,  s ince  co, cl , and c2 a r e  posit ive coef f i c ien t s  f o r  the 27 
d i f fe ren t  cases l i s t e d  i n  Table 3.3. T h i s  w i l l  lead t o  an upper bound of 
c2 fo r  Eq. 3.19. A s  0 approaches zero, so  does Eq. 3.19. Equation 3.19, 
when plot ted  against  0, w i l l  look l i k e  an S-curve bounded by [0, c2]. 
The s ignif icance of the above e r ro rs  associated w i t h  depends 
l a rge ly  upon how the expected system performance might be u t i l i z ed  i n  the  
overal l  decision making process. For instance,  i f  the performance func- 
t i on  happened t o  be an economic measure i n  monetary terms (e.g. L i t t l e ,  
1955; and Askew, 1974a, b )  , the  consequences due t o  t he  e r ro r  in  ca l ib ra t -  
ing 0 might be very c r i t i c a l  provided t ha t  the expected system performance 
was compared t o  other a l t e rna t i ve  flood control  schemes or used t o  j u s t i f y  
the  costs  of building a new dam fo r  flood mitigation purpose. In some 
cases,  t he  operation ru l e  curves f o r  the ' s to rage  o r  the  t a rge t s  f o r  
re lease  a r e  presumed known for  a reservoir  system. The performance index 
would then be represented by the penalty applied t o  any operation t ha t  
deviates from the established ru les  o r  t a rge t s  (e.g.,  Sigvaldason, 1976; 
Hashimoto e t  a l . ,  1982a, b; Yazicigil e t  a l . ;  and Datta and Burges, 1984). 
In those cases,  the  reservoir  manager or  the  modeler would be more 
in teres ted in  the s e n s i t i v i t y  of the optimal decisions than the numerical 
r e s u l t s  based on the  a r t i f i c i a l l y  selected penalty function. 
The shape of the damage function,  as characterized by the exponent 
6 ,  could a f f ec t  the  optimal decisions under ce r ta in  inflow and storage 
conditions. Many researchers ( e  .g. KlemeS, 1977; Buchanan and Bras, 1981 ; 
Hashimoto e t  a l .  1982a; and Datta and Burges, 1984) have discussed the  
consequences of using a  convex function as opposed t o  a  concave function. 
Generally, a  penalty of la16 would be attached t o  any deviat ion a  of 
re lease  or storage from the t a rge t .  T h i s  penalty might be one-sided; only 
the condition of a  > 0 or of a  < 0 ,  but not both, is penalized. I f  f.3 > 1 ,  
the penalty increases a t  a  greater  r a t e  than l a l .  Thus, t o  protect 
against  a  ca tas t rophic  f a i l u r e  of the system i t  may be bet ter  t o  permit 
small deviations from the  t a rge t  even when enough water or  storage is 
avai lable  t o  meet the current operation requirements. On the other hand, 
i f  f.3 < 1 ,  the penalty associated w i t h  large  deviation is l e s s  emphasized; 
and the resu l t ing  operation decision would s a t i s f y  the current demand 
whenever possible. 
The above asser t ion would not be always applicable i f  d i f fe ren t  
aspects  of a  system's conditions were considered. The optimal policy 
obtained from the combination of Sc = 100, NS = 12 ,  and N Q  = 10 w i l l  be 
used t o  i l l u s t r a t e  ce r ta in  seemingly contradictory observations based upon 
the same argument about the penalty function. The optimal f i n a l  storage 
s t a t e s ,  expressed as a  function of the i n i t i a l  s torage and the current 
inflow s t a t e s ,  are graphically presented i n  F i g .  3.10, fo r  the four opera- 
t ion  seasons and for  the two d i s t i nc t  penalty functions wi th  B = 0.5 and 
2.0. The two i n i t i a l  storage s t a t e s  of Sg , t  = 75 and S4 , t  = 25 a re  consi- 
dered t o  r e f l e c t  su f f i c i en t l y  the general trend i n  the optimal decisions 
for  e i ther  high or low i n i t i a l  storage conditions. 
To u t i l i z e  f u l l y  the avai lable  storage space ins ide  a rese rvo i r ,  i t  
is plausible t o  lower the storage level  whenever possible without v iola t -  
ing the re lease  constraint .  T h i s  phenomenon can be observed from Fig. 
3.10. In each operation season, i f  the inflows a re  small (e.g. ,  Q = 
Q l , t ) ,  the optimal f i na l  storage level  would be lower than the i n i t i a l  
s torage level .  Consequently, the re lease  made would be larger  than the 
t o t a l  inflow amount of t h i s  operating season. However, when the re lease  
is near the  threshold value 30, models using di f ferent  B1s might  d i c t a t e  
di f ferent  re lease  decisions. For instance in  Fig. 3.10(a) for  t = 1 ,  i f  
the inflow s t a t e  is 3, using B = 2 would r e su l t  in  an optimal re lease  of 
R t  = S4, t  + Q3, t  - S l , t + l  = 25 + 6.25 - 0 = 31.25; whereas using B = 0.5 
would yield R t  = S4, t  + Q3, t  + S2, t + l  = 25 + 6.25 - 5 = 26.25, i n  which 
the  f i r s t  subscript  stands fo r  the  respective inflow and storage s t a t e s  
(see Secs. 3.2.1.1 and 3.2.1.2 fo r  def in i t ions ) .  T h i s  is a s i tua t ion  in 
which the  previous reasoning on the  influence of 0 on the  optimal decision 
is valid.  The re lease  difference is magnified i n  the  second season in  
t ha t  there  is a higher r i sk  of get t ing a large  amount of inflow from the  
wet season than the r e s t  of the seasons i n  a  year. Therefore, the deci- 
s ion of allowing a l i t t l e  violat ion from the  t a rge t  might be j u s t i f i ed  t o  
achieve bet ter  long-term flood protection of the reservoir  system. 
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F i g u r e  3.10 D i f f e r e n c e s  i n  F i n a l  S t o r a g e  Dec i s ions  Using Convex ( 0  = 2 )  
v s .  Concave ( 0  = 0 . 5 )  P e n a l t y  F u n c t i o n s ;  f o r  Sc = 100, NS = 
12 ,  NQ = 10 ,  and I n i t i a l  S t o r a g e  S t a t e s  of 4 and 9 (St  = 25 
and 751, R e s p e c t i v e l y .  
In case of S t  = 4 ,  Qt = 8 ,  and t = 2, the re lease  would be S4, t  + Q8,t  - 
S l l , t + l  = 25 + 93.75 - 95 = 23.75 fo r  B = 0.5, as compared t o  that  of S4, t  
+ Q8, t  - Sg, t+ l  = 25 + 93.75 - 75 = 43.75 for B = 2.0 -- a qui te  large 
re lease  violat ion even though there  is s t i l l  considerable room for  holding 
more flood water inside the reservoir  i n  the current season. 
The reversed phenomenon would occur i f  the t o t a l  volume of i n i t i a l  
storage and inflow would be s ign i f ican t ly  greater  than the storage capaci- 
t y  of the  reservoir  system. As exemplified by Fig. 3.10(b) fo r  t = 2, 
before the  inflow becomes too large  t o  be regulated by the avaiiable 
reservoir  s torage,  decisions based on the concave function ( B  = 0.5) 
demand t o  withhold the  flood water as much as possible. However, beyond 
a ce r ta in  inflow s t a t e ,  a  re lease  much la rger  than 30 is inevitable;  and 
using the concave penalty function could lead t o  a decision t o  re lease  
more water than actual ly  needed when some storage space was s t i l l  avai l -  
able.  T h i s  r esu l t  occurs because the concave function tends t o  d i m i n i s h  
the  difference between large  re lease  violat ions of s imilar  magnitudes. 
Since the re lease  was already la rge ,  i t  would be advantageous t o  re lease  a 
l i t t l e  b i t  more t o  spare more storage space fo r  the  next operation period. 
With t h i s  l i t t l e  ex t ra  storage space avai lable ,  the small and medium 
floods i n  the  next season, which would have a much higher probabil i ty of 
occurrence than the  current large  f lood,  might be avoided. 
As shown i n  Fig. 3.10(a, b ) ,  the  shape of the penalty function does 
not a f fec t  the optimal decision for the  four th  season. T h i s  is because 
the probable maximum inflow i n  the  oncoming d r y  season is only 25. There- 
f o r e ,  even i f  the reservoir  is f u l l  in  the beginning of season one, no 
re lease  violat ion beyond 30 would be possible; and it would be unnecessary 
t o  reserve any storage space a t  the  end of season four. Moreover, i t  is 
very l i ke ly  tha t  the reservoir  l eve l  could be lowered because inflows much 
l e s s  than 30 would be experienced i n  seasons 1 and 2 ;  and some storage 
space could be obtained by re leas ing an amount of 30 i n  those two seasons. 
Thus, even though the hydrologic charac te r i s t i c s  of inflows i n  season 2 
and 4 a r e  iden t ica l  for  t h i s  hypothetical system, the optimal release 
decisions can be d i f fe ren t  depending upon the penalty function used, and 
upon the r i s k s  of flood events occurring i n  the subsequent periods. 
The optimal decisions shown i n  Fig. 3.10(a, b )  a l so  demonstrate the 
difference between the  modeling r e su l t s  and the decisions i n tu i t i ve ly  
preferred by a  real-world reservoir  manager. Adopting the optimal re lease  
decisions could increase the number of small floods fo r  f3 > 1 , or enlarge 
the  magnitude of major floods fo r  f3 < 1 .  Thus, decisions resu l t ing  from 
the optimization model might be unacceptable t o  the public who generally 
would be inclined t o  avoid or minimize the present flood damage. For the 
example demonstrated, the preferred f i n a l  storage l eve l  would probably 
always be the upper one of the two curves shown in  each plot of F i g .  3.10, 
i . e . ,  t o  re lease  the flood inflows as  quickly as  possible without 
v iola t ing the non-damaging re lease  const ra int .  The implications are 
twofold. F i r s t ,  ne i ther  the convex function nor the concave function 
alone could r e f l e c t  human behavior f o r  the en t i r e  spectrum of operation 
conditions. Second, decisions based on human i n tu i t i on  would l i ke ly  be 
suboptimal judged s t r i c t l y  from the  r e su l t  of the mathematical programming 
model. The incompatibil i ty between mathematical models and human 
i n tu i t i on  could e x i s t ,  and might not be ea s i l y  recognized by e i the r  the  
reservoir  manager or the modeler. 
3.3.5 Conflicting Objectives 
A r e s e r v o i r  s y s t e m  is g e n e r a l l y  o p e r a t e d  f o r  m e e t i n g  s e v e r a l  d i s -  
t i n c t  g o a l s  which may compete f o r  t h e  a v a i l a b l e  s t o r a g e  s p a c e .  I f  t h e  
r e d u c t i o n  o f  downstream f l o o d  damage is of  p r i m a r y  i m p o r t a n c e ,  i t  is o f t e n  
d e s i r a b l e  t o  l ower  t h e  s t o r a g e  l e v e l  whenever p o s s i b l e  s o  t h a t  much 
s t o r a g e  room is s a v e d  f o r  h o l d i n g  p r o b a b l e  e x c e s s i v e  i n f l o w s  i n  f u t u r e  
time p e r i o d s .  C o n v e r s e l y ,  i n  o r d e r  t o  d e v e l o p  t h e  hydropower p o t e n t i a l  of 
a  r i v e r  b a s i n  e f f e c t i v e l y ,  t h e  w a t e r  head  beh ind  a  dam is p r e f e r a b l y  kept  
h i g h  a t  a l l  t i m e s .  A s  a r e s u l t ,  t h e  s t o r a g e  s p a c e  may be m o s t l y  o c c u p i e d ,  
w i t h  l i t t l e  room l e f t  f o r  a  r e s e r v o i r  t o  r e g u l a t e  f l o o d  w a t e r s .  
O b j e c t i v e s  o t h e r  t h a n  f l o o d  p r o t e c t i o n  and hydropower g e n e r a t i o n  would 
most  l i k e l y  l e a d  t o  an  o p t i m a l  s t o r a g e  l e v e l  between t h e  two o p p o s i t e  
e x t r e m e s .  T h e r e f o r e ,  t h e  o b j e c t i v e s  o f  f l o o d  p r o t e c t i o n  and hydropower 
g e n e r a t i o n  w i l l  be  u s e d  i n  t h e  f o l l o w i n g  s t u d y  t o  t y p i f y  t h e  t r a d e o f f s  
between v a r i o u s  o b j e c t i v e s  f o r  o p e r a t i n g  a  r e s e r v o i r  sy s t em.  
The f l o o d  damage w i l l  be measured  by t h e  o n e - s i d e d  convex p e n a l t y  
f u n c t i o n  ( 6  = 2 .0 )  as p r e v i o u s l y  d e f i n e d  f o r  a  r e l e a s e  g r e a t e r  t h a n  30.  
The hydropower i n  i t s e l f  is a  f u n c t i o n  o f  b o t h  t h e  r e l e a s e  r a t e  and  t h e  
head  d r o p  t h r o u g h  t h e  h y d r o e l e c t r i c  t u r b i n e s .  Fo r  s i m p l i c i t y ,  t h e  
hydropower produced  is u s e d  h e r e i n  t o  r e p r e s e n t  t h e  b e n e f i t  f rom s e l l i n g  
t h e  g e n e r a t e d  h y d r o e l e c t r i c i t y  t o  t h e  consumers .  Assume t h a t  t h e  s t o r a g e  
volume is r e p r e s e n t e d  a s  a s i m p l e  q u a d r a t i c  f u n c t i o n  o f  t h e  head  water 
e l e v a t i o n  based  o n  t h e  n a t u r a l  geomorpho log ica l  f e a t u r e s  a t  t h e  r e s e r v o i r  
s i t e ;  and  t h e  r e l e a s e  is assumed t o  be un i fo rm w i t h i n  e a c h  o p e r a t i o n  
p e r i o d .  The hydropower p r o d u c t i o n  may be app rox ima ted  by 
Hydropower P r o d u c t i o n  = K { R t ,  [ ( S t  + S t + , ) / 2 ]  0 .51  
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i n  which R t  is a  constant re lease  i n  period t ;  (St + St+1) /2  represents 
the average storage level  i n  the same period; and K{ , 3 is  the hydropower 
production s impl i f ied  as  a  function of the mean storage and the re lease .  
A conversion fac to r  is assumed t o  be included in  K impl ic i t ly  fo r  making 
hydropower commensurate in  uni ts  w i t h  the flood damage. Various 
combinations of weights, Wf for  flood damage and W p  fo r  hydropower 
benef i t ,  a r e  considered t o  represent the  r e l a t i ve  p r i o r i t i e s  between the  
two objectives i n  an SP model for  operating the hypothetical s ing le  
reservoir  system. 
3.3.5.1 Effects on Expected Performance 
Figure 3.11 i l l u s t r a t e s  the  t radeoffs  between the expected values of 
annual flood damage and annual hydropower production from the SP model for  
three  d i f fe ren t  reservoir  s i z e s .  When flood mitigation is the only 
concern ( W f / W p  = -1 f o r  reservoir  control ,  the expected annual flood 
damage can be reduced rapidly by increasing the reservoir  s i z e  so  tha t  
most small and medium flood events a r e  eliminated. Beyond a  ce r ta in  
reservoir  capacity,  e.g. for  Sc > 100, fur ther  improvement of flood 
protection is ra ther  l imi ted,  and is bounded by an upper l i m i t  of the 
expected damage of zero. The expected hydropower production increases 
gradually as the  storage capacity is increased. T h i s  is because a  l a rger  
reservoir  w i t h  more storage space is able t o  withhold a  greater  amount of 
flood water, which in  turn  w i l l  increase the water head t o  produce more 
hydroelect r ic i ty .  Nonetheless, the r a t e  of increase i n  hydropower produc- 
t ion  diminishes eventually as the  storage capacity approaches i n f i n i t y  
when a l l  re leases  can be completely controlled.  
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F i g u r e  3.11 T r a d e o f f s  between Flood P r o t e c t i o n  and Hydropower P r o d u c t i o n  
w i t h  D i f f e r e n t  R e s e r v o i r  S i z e s ,  Sc = 25,  50 ,  and 100;  Wf and 
Wp Are Weights  Assigned t o  t h e  R e s p e c t i v e  O b j e c t i v e s .  
On the  other hand, i f  hydropower generation is the  only function 
tha t  a  reservoir  serves ,  increasing reservoir  s i z e  would not reduce the 
expected flood damage a t  a l l  s ince  the reservoir  would be kept f u l l  a t  
a l l  times. Unlike the flood protection case,  the amount of hydropower 
which could be generated increases monotonically w i t h  the reservoir  
s torage.  The e f f ec t  of hydrologic flood routing through a reservoir ,  
which can somewhat reduce the peak flow r a t e  even w i t h  a  f u l l  r ese rvo i r ,  
is neglected here. 
Between the extremes a r e  the t radeoffs  w i t h  various l eve l s  of 
emphasis or preference on one object ive  versus the  other.  In  theory, f o r  
a spec i f i c  weight r a t i o  W f / W p  there ex i s t s  a  s e t  of u t i l i t y  contours 
r e f l e c t i ng  a decision maker's preferences on various objectives.  The one 
t ha t  is tangent t o  the Pareto f ron t i e r  would yie ld  the  maximum u t i l i t y  
subject  t o  the system's const ra ints ,  and the  tangent point would indicate 
the tradeoff in  the performances of the d i f fe ren t  objectives.  Note tha t  
the  example i l l u s t r a t e d  i n  Fig. 3.11 assumed a uniform, unchanged weight 
r a t i o  throughout a year. In r e a l i t y ,  the preference fo r  meeting each 
object ive  might vary w i t h  time. For instance,  i n  the wet season the 
chance of having large  flood inflows is higher than t ha t  i n  the dry 
season. Therefore, more emphasis should be put on the  flood protection 
objective ra ther  than on hydropower production. The Pareto f ron t i e r  might  
then be pushed even fa r the r  outward t o  yield bet ter  expected annual 
performances of the two objectives than those based on uniform weight 
r a t i o .  D i f f i cu l t i e s  could a r i s e ,  however', in  the determination of proper 
weight r a t i o s  not only between the objectives but a l so  between the succes- 
s i ve  operation seasons. 
3.3.5.2 E f f e c t s  o n  S t e a d y - s t a t e  P r o b a b i l i t y  of S t o r a g e  
The t r a d e o f f  between t h e  o b j e c t i v e s  a s  r e f l e c t e d  by t h e  expec ted  
performance is  o n l y  one way t o  comprehend t h e  modeling r e s u l t s  r e l a t e d  t o  
a  s y s t e m ' s  c h a r a c t e r i s t i c s .  For  t h e  r e s e r v o i r  s t u d y ,  t h e  i n f o r m a t i o n  
a s s o c i a t e d  w i t h  t h e  o p t i m a l  s t a t e s  of s t o r a g e  i n  each o p e r a t i o n  p e r i o d  
cou ld  be more meaningful  i n  r e v e a l i n g  what might be expec ted  had a  s p e c i -  
f i c  r u l e  been fo l lowed .  F i g u r e  3.12 shows t h e  v a r i a t i o n s  of t h e  s t e a d y -  
s t a t e  p r o b a b i l i t y  of t h e  i n i t i a l  s t o r a g e  f o r  e a c h  pe r iod  based on d i f f e r -  
e n t  r a t i o s  of t h e  we igh t s  f o r  f l o o d  p r o t e c t i o n  and hydropower g e n e r a t i o n .  
The r e s e r v o i r  c a p a c i t y  cons ide red  h e r e i n  is 100. 
A s  e x p e c t e d ,  t h e  s t o r a g e  remains  a t  t h e  empty s t a t e  most of t h e  t ime  
i f  t h e  p r e f e r e n c e  is complete ly  b i a s e d  toward f l o o d  p r o t e c t i o n .  The 
o c c a s i o n a l  l a r g e  f l o o d s  may c a u s e  t h e  s t o r a g e  t o  s t a y  a t  h i g h e r  s t a g e s  f o r  
c e r t a i n  extended p e r i o d s ,  which e x p l a i n s  why t h e  s t e a d y - s t a t e  p r o b a b i l i t y  
is n o t  c o n c e n t r a t e d  t o t a l l y  a t  t h e  empty s t a t e .  The s t o r a g e  d i s t r i b u t i o n  
i n  t h e  f o u r t h  p e r i o d  is broader  t h a n  t h o s e  of t h e  o t h e r  p e r i o d s  because  i t  
f o l l o w s  t h e  w e t t e s t  s e a s o n  i n  a  y e a r .  When t h e  p r e f e r e n c e  i s  g r a d u a l l y  
s h i f t e d  from f l o o d  p r o t e c t i o n  t o  hydropower g e n e r a t i o n ,  t h e  s t e a d y - s t a t e  
p r o b a b i l i t y  of s t o r a g e  is r e - d i s t r i b u t e d  toward t h e  h i g h e r  l e v e l s .  
E v e n t u a l l y  a s  W f / W p  becomes z e r o ,  t h e  s t e a d y - s t a t e  s t o r a g e  would be locked 
a t  t h e  f u l l  s t a t e .  
By v a r y i n g  W f / W p  from t o  100, which o n l y  caused  a  l i t t l e  s h i f t  of 
t h e  s t e a d y - s t a t e  p r o b a b i l i t y  d i s t r i b u t i o n  i n  two of t h e  f o u r  p e r i o d s ,  t h e  
expec ted  hydropower p roduc t ion  cou ld  be more t h a n  doubled w i t h  t h e  expec t -  
e d  f l o o d  damage o n l y  i n c r e a s e d  by a  minimal pe rcen tage  ( s e e  Fig .  3 .11) .  
T h i s  phenomenon i n d i c a t e s  t h a t  a s  l o n g  a s  t h e  s t o r a g e  l e v e l  is kept  low i n  
Storage State 
F i g u r e  3 .12  S t e a d y - s t a t e  S t o r a g e  D i s t r i b u t i o n s  Based o n  V a r i o u s  L e v e l s  of 
P r e f e r e n c e s  on  F lood  p r o t e c t i o n  and Hydropower G e n e r a t i o n ;  Sc 
= 100 .  
the  wet season t o  avoid most flood damages, the storage leve l s  i n  other 
periods might be allowed t o  remain high t o  gain greater water head for 
hydropower generation. The reservoir  generally can hold more water in  the 
four th  period than any other per iods ince  the oncoming inflows i n  the dry 
season pose no threat  of downstream flooding. However, subject t o  the 
lower storages i n  period 3 for flood control ,  the storage i n  period 4 
can not resume the  f u l l  s t a t e  in  the long run. 
For a re la t ive ly  large  reservoir ,  sc/Qa = 2 in  t h i s  case, the 
steady-state storages a re  mostly confined within a smaller f i n i t e  range 
between the two extreme s t a t e s ,  i . e . ,  f u l l  and empty. T h i s  indicates that  
the expected storage level  for each period might be used as the storage 
ta rge t  for  short-term operation, without great ly  affect ing the  long-term 
reservoir  performance. The steady-state probabil i ty histogram of storage 
thus provides useful information as t o  what the storage level  would be in  
balancing the  two opposite objectives. 
3.3.5.3 Effects on Optimal Decisions 
Both Figs. 3.11 and 3.12 demonstrate the consistent pattern of 
change in  e i ther  the expected performance or the steady-state probabil i ty 
d i s t r ibu t ion  when the  r e l a t i ve  preferences for reservoir  operation change 
gradually between the  two objectives.  However, such consistency might not 
always be observed for ce r ta in  optimal decisions i n  the  t r ans i t i on  of 
preferences for the objectives.  T h i s  can be i l l u s t r a t e d  using Fig 3.13, 
which contains the  optimal decisions for  the  f i n a l  storage level  fo r  three 
i n i t i a l  storage s t a t e s ,  S i t  = 3, 7 ,  and 10, and for three  weight r a t i o s  
W f / W p  = -, 1 ,  and 0, respectively.  
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Although t h e  op t imal  f i n a l  s t o r a g e  s t a t e  is monotonically nonde- 
c r e a s i n g  a s  t h e  in f low s t a t e  i n c r e a s e s ,  w i t h  e i t h e r  f l o o d  p r o t e c t i o n  o r  
hydropower genera t ion  be ing  t h e  s o l e  o b j e c t i v e ,  t h e  under ly ing  causes  are 
t o t a l l y  d i f f e r e n t .  For t h e  f l o o d  p r o t e c t i o n  o b j e c t i v e ,  t h e  f i n a l  s t o r age  
l e v e l  is fo rced  t o  rise a s  t h e  in f low is inc reased  because on ly  a  po r t i on  
of t h e  l a r g e  inf low t h a t  does n o t  cause downstream f l o o d i n g  is al lowed t o  
pass  through t h e  dam, wh i l e  t h e  rest is withheld.  For hydropower genera- 
t i o n  c o n s i d e r a t i o n s ,  however, a l l  inf lows w i l l  be kept i n s i d e  t h e  r e s e r -  
v o i r ,  provided t h a t  t h e r e  is s t i l l  some s t o r a g e  room a v a i l a b l e ,  t o  r a i s e  
t h e  water  head e v e n t u a l l y  t o  t h e  f u l l  s t a t e .  Therefore ,  t h e  op t imal  
dec i s ion  on t h e  f i n a l  s t o r a g e  f o r  W f / W p  = 0 ,  a s  shown i n  F i g .  3.13, 
- - . . .  
a c t u a l l y  r e p r e s e n t s  a  t r a n s i e n t  cond i t i on  of t h e  s t o r a g e  before  a t t a i n i n g  
s t eady  s t a t e .  Once t h e  s t o r a g e  reaches  t h e  f u l l  s t a t e ,  t h e  r e s e r v o i r  
would be kept  f u l l  eve r  a f t e r .  
I n  F ig .  3.13, t h e  c o r r i d o r  of t he  op t imal  dec i s ions  bounded by t h e  
two extremes would con ta in  a l l  t h e  p o s s i b l e  s t o r a g e  dec i s ions  f o r  any 
combination of p re fe rence  va lues  ass igned  t o  t h e  two o b j e c t i v e s :  The 
upper l e f t  r eg ion  above t h e  c u r v e , f o r  W f / W p  = 0 is i n f e a s i b l e  f o r  t h e  
. - 
f i n a l  s t o r a g e  s i n c e  t h e  sum of t h e  i n i t i a l  s t o r a g e  and t h e  c u r r e n t  inf low 
is l e s s  than  t h e  d i s c r e t e  f i n a l  s t o r a g e  volume. The lower r i g h t  r eg ion  
below t h e  curve f o r  W f / W p  = m, though f e a s i b l e ,  would always be i n f e r i o r  
t o  t h e  d e c i s i o n s  between t h e  two extreme curves .  Consequently,  a  ma jo r i t y  
of t h e  combinations of i n i t i a l  s t o r a g e  and c u r r e n t  inf low s t a t e s  may be 
e l imina t ed  i n  t h e  op t imiza t ion  procedure f o r  a  s t o c h a s t i c  dynamic program- 
ming model t o  reduce t h e  computation time i n  s ea rch ing  f o r  t h e  optimum. 
The opt imal  d e c i s i o n s  f o r  t h e  balanced o b j e c t i v e s  ( W f / W p  = 1 i n  t h e  
- - 
example),  u n l i k e  t h e  two b inding  extreme s t o r a g e  cu rves ,  might not be 
73 
always monotonically nondecreasing as the inflow i s  increased. In  Fig. 
3.13(a) for  t = 1 and 4, the i n i t i a l  storage would be low w i t h  the inflows 
i n  the following seasons posing no major threat  t o  downstream flooding. 
Hence, the optimal f ina l  storage level could be kept mostly a t  the highest 
possible s t a t e  for  generating more hydropower in  the successive periods. 
In the case where t = 2, because the wettest season in  a year immediately 
follows, the flood protection objective would begin t o  a f fec t  the deci- 
sions on storage. Th i s  phenomenon becomes pronounced i f  the inflow i n  
period 2 is higher than normal. Since the inflows are  assumed posit ively 
correlated, i t  is more l ike ly  that  in period 3 an unusually large inflow 
would also occur. A s  a  r e s u l t ,  the decision on storage would gradually 
s h i f t  from the higher extreme t o  the lower extreme. When the i n i t i a l  
storage level  is high as i l l u s t r a t ed  i n  Fig. 3.13(c),  there may not be 
much storage room available for  holding the future flood waters. A l i t t l e  
gain in  the water head would not contribute much more hydropower produc- 
t ion ,  while the consequences from a major flood due t o  l e s s  storage space 
might be very severe. 
I f  the i n i t i a l  storage s t a t e  is moderate, and the current inflow is 
small, as shown i n  Fig. 3.1 3 (b ) ,  i t  would be bet ter  t o  keep t h i s  inflow 
to ta l ly  within the reservoir for reaching a higher water head in  the next 
period. The marginal gain in hydropower production based on t h i s  decision 
would more than compensate for  the marginal loss  in  flood damage. Beyond 
a certain inflow volume, the release decision as determined b.y the SP 
model would be reversed dras t ica l ly  t o  lower the storage level and t o  
reserve more storage space when the inflow is increased. A s  one of the 
charac te r i s t i cs  i n  SP modeling, the  optimal decision for a  cer ta in  
combination of i n i t i a l  storage and inflow s t a t e  is determined by evaluat- 
ing the expected longterm system performance as a  r e su l t  of making such a  
decision. For the above case, the loss  of fu tu re  hydropower production 
revenue could be compensated by  re leas ing more water i n  the current  
operation period and by the ex t ra  benefi t  of reducing fu ture  potential  
flood damages. Thus, the gain i n  terms of the  flood damage reduction 
might o f f se t  the loss  of hydropower production by sh i f t i ng  the water 
inventory between successive operation periods. 
Although a l l  of these phenomena can be explained judging by the 
expected performance of a  spec i f i c  decision as opposed t o  the o thers ,  
t h e i r  existence is not always predictable before the SP model is solved. 
To avoid possible misinterpretat ion of the  modeling r e s u l t s ,  d i f ferent  
aspects of the operation objectives as well as the dependence of optimal 
decision on the current  system s t a tu s  should be considered. The modeling 
r e s u l t s  which seem contradictory t o  i n tu i t i on  might not always be 
erroneous and should be interpreted careful ly .  
3.4 Simulation Study 
One of the major advantages of SP modeling is that  the steady-state 
probabil i ty of the  system being i n  any spec i f ic  s t a t e  as well as the 
overal l  expected performance can be derived d i rec t ly  from the optimal 
solut ion.  However, the consequences caused by the  optimal policy may 
not be eas i ly  captured by simple reasoning about the long-term ef fec t s  of 
the reservoir  system based on steady-state operation conditions. For ins- 
tance, what would be the meaning of the probabil i ty of occurrence of an 
extreme flood event i n  the  r e a l  world? Although the chance fo r  t h i s  event 
occurr ing  may be very s l im,  the  consequences can be ca t a s t roph ic ;  and the  
expected f lood damage due t o  t h i s  event may be s i g n i f i c a n t  when compared 
t o  t h a t  from minor f loods .  Moreover, the  ac tua l  performance of a  
real-world r e se rvo i r  system w i l l  l a r g e l y  depend upon the  hydrologic events  
t h a t  a c t u a l l y  occur within i ts  s e r v i c e  l i f e  span. And the  eventual  system 
performance i n  a  r e l a t i v e l y  l imi t ed  time period might devia te  not iceably  
from what had been ca lcula ted  using t h e  model. 
System ana lys t s  can use s imula t ion  techniques t o  c o l l e c t  important 
information when an opt imiza t ion  model f a i l s  t o  capture  c e r t a i n  charac ter -  
i s t i c s  of a  system under a  prespecif  i ed  opera t ion  environment. Further- 
more, s imulat ion can be used t o  extend t h e  f ind ings  from an opt imiza t ion  
model t o  revea l  the  real- t ime response of the system under various opera- 
t i o n  schemes. I n  the  fol lowing a n a l y s i s ,  an app l i ca t ion  of Monte Carlo 
s imula t ion  is presented;  i t  was used t o  complement the  understanding of 
opera t ions  of t he  hypothe t ica l  r e s e r v o i r  system based on t h e  optimal 
pol icy determined by t h e  SP model. Variat ions of t he  optimal pol icy were 
a l s o  considered t o  examine t h e  f l e x i b i l i t y  i n  implementing those optimal 
dec is ions .  
3.4.1 Simulation Design 
The hypothe t ica l  r e se rvo i r  system i n  t h e  s imula t ion  s tudy conta ins  
- 
t he  bas ic  s e t u p  defined i n  Sec. 3.3.1, wi th  Sc = 100, Qa = 50, v = 1.0,  
and p = 0.5. Only t h e  f lood p ro tec t ion  ob jec t ive  is considered,  using t h e  
one-sided quadra t ic  cos t  funct ion  f o r  measuring the  f lood  damage caused by 
any r e l e a s e  g rea t e r  than 30 ( B  = 2 ) .  Ten s e t s  of s ix ty-year  seasonal 
inflows were generated based on the  t runcated  lognormal d i s t r i b u t i o n  
assumed f o r  t h e  four  seasons. Each of t h e  t e n  s y n t h e t i c  inflow databases 
was used t o  simulate natural  runoffs entering the  reservoir ,  and the 
system's operation was simulated for s i x ty  years according t o  the optimal 
ru l e s  determined by the  SP model. To eliminate the  i n i t i a l  s torage e f f ec t  
of the reservoir ,  the f i r s t  ten years of simulation r e su l t s  were discard- 
ed, leaving f i f t y  years of simulated record t o  be analyzed for each s e t .  
Inflow information was assumed known a t  the beginning of each operation 
period. Evaluation of a reservoir  system performance under various l eve l s  
of inflow pred ic tab i l i ty  is beyond the scope of t h i s  research and can be 
found i n  a study by Datta and Burges ( 1  984). 
To s t u d y  the e f f ec t s  of par t i t ions  of both the inflow and the 
s torage s t a t e s  on the  simulation r e s u l t s ,  three di f ferent  l eve l s  of 
precision a re  considered, i . e .  (NQ, NS) = ( 5 ,  7 ) ,  (10, 12 ) ,  and (20, 2 2 ) .  
A s  discussed i n  Sec. 3.3.2.2, the  s e t  of optimal decisions of f i na l  
storages obtained from a discre te  SP model would approach a continuous 
hyperplane in  3-dimensional space i f  the  increments of both the d i sc re te  
inflow and storage s t a t e s  became smaller. Therefore, i t  is in te res t ing  t o  
compare the  simulation r e su l t s  based on both a d i sc re te  operating ru le  and 
a continuous ru l e ,  t o  examine the r e l a t i ve  importance of the par t i t ions  i n  
t he  modeling s tage as opposed t o  the  implementation stage.  
I n  the  case of the d i sc re te  r u l e ,  the  f i na l  storage level  in  the  
simulation is r e s t r i c t ed  t o  one of the f i n i t e  storage s t a t e s  as defined in  
the SP model. For the  continuous operation r u l e ,  a  simple bi l inear  
in terpola t ion scheme is used t o  calcula te  the  optimal f i n a l  storage level  
i n  continuous space. Figure 3.14 presents t h i s  b i l inear  in terpola t ion 
scheme graphically.  Let St and G t  be the  continuous i n i t i a l  storage and 
current  inflow variables respectively bounded by the neighboring discre te  
Inflow, 
Figure 3.14 A Simple Bil inear In terpola t ion Scheme f o r  Deriving the 
Continuous Rule from the Discrete Rule f o r  the Optimal 
Final Storage Level. 
s t a t e s ,  i . e . ,  S i  < St < S i t 1  and Qm < at < Qm+l . Moreover, d e f i n e  t o  
be t h e  op t ima l  f i n a l  s t o r a g e  l e v e l  based on  t h e  d i s c r e t e  s t a t e s  Sx and Qy ,  
i n  which x = i and i + l  , and y  = m and m+l . The time s u b s c r i p t  f o r  t h e  
d i s c r e t e  s t o r a g e  and in f low s t a t e s  is n e g l e c t e d  i n  t h e  f o l l o w i n g  
d e r i v a t i o n  wi thou t  l o s i n g  any g e n e r a l i t y .  When performing l i n e a r  i n t e r -  
p o l a t i o n  of t h e  con t inuous  f i n a l  s t o r a g e  on  t h e  d i s c r e t e  i n i t i a l  s t o r a g e s ,  
o n e  o b t a i n s  
f o r  Qm 
- 
o p t  o p t  - o p t  --St---Si-- S;tl = S i  , m + l  + ( S i r 1  , m + l  - S i  , m + l  ) sirl - si f o r  Qm+l (3 .22)  
C a r r y i n g  o u t  t h e  i n t e r p o l a t i o n  between S{+l and on t h e  d i s c r e t e  
i n f l o w s  r e s u l t s  i n  
I t  can be proved t h a t  t h e  o r d e r  of t h i s  l i n e a r  i n t e r p o l a t i o n ,  whether  
f i rs t  on  t h e  d i s c r e t e  i n i t i a l  s t o r a g e s  o r  on t h e  d i s c r e t e  i n f l o w s ,  does  
n o t  a f f e c t  t h e  computat ion of t h e  o p t i m a l  f i n a l  s t o r a g e  i n  t h e  con t inuous  
s p a c e .  
S e v e r a l  i n d i c e s  were s e l e c t e d  t o  e v a l u a t e  d i f f e r e n t  a s p e c t s  of  t h e  
s y s t e m ' s  performance based e i t h e r  o n  t h e  d i s c r e t e  r u l e  o r  o n  t h e  con t inu-  
ous  r u l e  w i t h  v a r i o u s  l e v e l s  of p r e c i s i o n  o f  t h e  in f low and t h e  s t o r a g e  
states. The first index  c o u n t s  t h e  t o t a l  number of  f l o o d  o c c u r r e n c e s  i n  
each  s i m u l a t i o n  r u n ,  which i n d i c a t e s  t h e  f requency  of  d i s t u r b a n c e s  t o  t h e  
downstream a r e a  caused by f l o o d i n g  i n  t h e  50-year o p e r a t i o n  pe r iod .  The 
second index  c a l c u l a t e s  t h e  annua l  ave rage  f l o o d  damage, which is compared 
t o  t h a t  d i r e c t l y  e s t i m a t e d  from t h e  SP model. The t h i r d  index ,  termed a s  
the  t o t a l  forced re lease  volume, accumulates any excessive flood release 
only for the amount beyond 30. Generally, an operation policy leading 
t o  l ess  t o t a l  forced release would represent a better  performance of a 
flood control reservoir .  The l a s t  index simply records the maximum flood 
re lease  fo r  each 50-year simulation period. 
In  the following sect ions ,  only the r e su l t s  which have demonstrated 
s ign i f ican t  variat ions among the  ten simulations w i l l  be discussed in  
de t a i l .  Other general observations such as the r e l a t i ve  frequencies of 
the  storage s t a t e s ,  which d i d  not d i f f e r  greatly from simulation t o  
simulation and were similar  t o  what was anticipated from the SP model, are  
not elaborated upon i n  the ensuing comparison s tudies .  
3.4.2 General Results 
The simulation r e su l t s  a re  summarized i n  Table 3 .4(a ,  b,  c ,  and d ) .  
For a l l  combinations of s t a t e  par t i t ions  and operating ru les ,  the  indices 
show tremendous variat ions of the flood control by the reservoir  system. 
The re lease  hydrographs of the di f ferent  simulation runs show tha t  both of 
the large  damages found i n  simulation runs 7 and 9 i n  Table 3.4(b) were 
respectively caused by a s ingle  catastrophic event. Had those extreme 
floods not occurred, the reservoir  would have been pret ty  much in  control 
of the  incoming floods based on the  optimal policy determined by  the  SP 
model. Note t ha t  none of the annual average flood damages measured from 
the  t en  simulation runs came close t o  those estimated from the  optimal 
solut ions  of the SP model. In the majority of cases, the average damages 
fo r  the 50-year operation period were f a r  l e s s  than those predicted by the 
model r e su l t .  However, the occurrence of only a few extreme events (two 
i n  f ive  hundred years i n  t h i s  example) r a i s e s  the average flood damage t o  
T a b l e  3.4 Comparisons between S i m u l a t i o n  R e s u l t s  Based on a  D i s c r e t e  Rule 
vs .  a  Continuous Rule  f o r  Four Performance I n d i c e s .  S imula t ion  
Per iod  = 50 Years ,  wi th  10 D i s t i n c t  S i m u l a t i o n  Runs. 
( a )  T o t a l  Number of Flood Occurrences  
D i s c r e t e  Rule Cont inuous  Rule  
S i m u l a t i o n  .......................... .......................... 
Runs N Q  = 5 NQ = 10 NQ 20 N Q - 5  N Q = 1 0  N Q = 2 0  
N S = 7  N S = 1 2  N S = 2 2  N S - 7  N S P 1 2  N S = 2 2  
Average 
( b )  Annual Average Flood Damage 
D i s c r e t e  Rule Cont inuous  Rule 
S i m u l a t i o n  .......................... .......................... 
Runs N Q - 5  N Q = 1 0  N Q 1 2 0  NQ = 5  N Q =  10 , N Q =  20 
N S = 7  N S = 1 2  N S P 2 2  N S = 7  N S = 1 2  N S = 2 2  
Average 
Expected 
Table 3.4 (continued) 
( c )  Total  Forced Release Volume Which Causes Flooding (50 Years) 
Discre te  Rule Continuous Rule 
S imula t ion  .......................... .......................... 
Runs N Q  = 5 NQ = 10 N Q  = 20 NQ = 5 NQ = 10 NQ = 20 
N S = 7  N S E 1 2  N S = 2 2  N S = 7  N S - 1 2  N S = 2 2  
Average 94.1 55.6 44.3 40.6 30.7 32.2 
( d )  Maximum Flood Release 
Discre te  Rule Continuous Rule 
Simulation .......................... .......................... 
Runs N Q = 5  N Q = 1 0  N Q = 2 0  N Q = 5  N Q E 1 O  N Q E 2 0  
N S = 7  N S - 1 2  N S = 2 2  N S = 7  N S = 1 2  N S = 2 2  
Maximum 
a  value close t o  tha t  predicted by the  model. Hence, extreme events 
generally d i s t o r t  the perception of the average system performance, and 
the  d i r ec t  modeling r e s u l t s  sometimes do not provide su f f i c i en t  
information about a  system1 s behavior fo r  various operation concerns. I t  
might be more proper t o  c l a s s i f y  the  system based on a  few d i s t i n c t  
operation conditions such as no flooding, small flooding, medium flooding, 
l a rge  flooding and extreme flooding s t a t e s  t o  account f o r  the various 
impacts of these events on the overal l  system performance. 
Increasing the  number of pa r t i t ions  of storage and inflow s t a t e s  
generally improves the accuracy of modeling r e s u l t s  as can be observed 
from the average values of the four indices of the  t en  simulation runs. 
Beyond a  ce r ta in  precision l eve l  for  defining the storage and inflow 
variables ( N Q  - > 10 and NS > 1 2  i n  t h i s  example), most of the c r i t i c a l  
- 
performance indices would not change s ign i f i can t ly .  I t  i s  in te res t ing  
t ha t  the t o t a l  number of flood occurrences i n  the long run is greater  f o r  
N Q  = 20 and NS = 22 than fo r  N Q  = 10 and NS = 1 2  ( re f l ec ted  by the average 
values i n  Table 3.4(a)  ) .  T h i s  phenomenon can be explained by the quadra- 
t i c  damage function used i n  t h i s  SP model. A s  discussed i n  Sec. 3.3.4, 
the convex damage function could lead t o  an optimal policy of re leas ing 
more water than needed during some periods t o  reduce the chance of fu ture  
damage caused by an extreme flood. Wi th  coarser increments of the 
d i sc re te  storage and inflow s t a t e s ,  t h i s  property might not be well 
represented by the optimal r e s u l t .  However, w i t h  increasing storage and 
inflow s t a t e s ,  the SP model is able t o  capture t h i s  phenomenon more 
accurately.  
Both storage and inflow are  essen t ia l ly  continuous variables i n  the 
real  world. The f ac t  that  they were approximated by a f i n i t e  number of 
s t a t e s  in a d i sc re te  model should not r e s t r i c t  the implementation of the 
optimal r e su l t s  i n  the  real-time operation of a reservoir  system. A s  can 
be observed from Table 3.4(a,  b, c ,  and d ) ,  the continuous operation ru l e  
based on a simple l inear  in terpola t ion scheme for determining the optimal 
discre te  policy s ign i f ican t ly  improves the system performance i n  
comparison t o  the d i sc re te  ru le .  Among others ,  the greates t  improvement 
came from the reduction of the t o t a l  number of floods i n  the 50-year 
simulation period (Table 3 .4 ( a ) ) .  Roughly half of the minor floods are  
avoided i f  the re lease  decisions are  allowed t o  take intermediate values 
between the d i sc re te  values. The t o t a l  forced re lease  i n  each simulation 
run is also  great ly  reduced because of the elimination of the minor floods 
using the continuous ru le  (Table 3 . 4 ( c ) ) .  The maximum flood re lease  
(Table 3.4(d))  , however, is the l e a s t  affected index i f  the continuous 
r u l e  is used. 
The annual average flood damage for  N Q  = 5 and NS = 7 was reduced 
s ign i f ican t ly  using the continuous rule .  T h i s  damage would have been 
great ly  overestimated had i t  been calculated d i rec t ly  from the d i sc re te  
modeling resu l t s .  In essence, the continuous ru le  based on a coarser 
par t i t ion  of the s t a t e  variables would lead t o  a comparable or even bet ter  
system performance than that  simulated by the d i sc re te  ru le  based on a 
f i ne r  par t i t ion .  Thus, when solving a d i sc re te  reservoir  model fur ther  
par t i t ions  of the  s t a t e  variables can be avoided by a straightforward 
in terpola t ion scheme on the d i sc re te  optimal policy. 
3.4.3 A Hodif ied Policy f o r  Improved Reservoir Performance 
From the  simulation r e s u l t s ,  i t  has been observed that  the  magni- 
tudes of most flood events lay within a l imited range above the nonfload- 
i n g  re lease  c r i t e r ion .  The reservoir  was able  t o  withhold t o t a l l y  an 
excessive inflow without s ign i f ican t ly  a f fec t ing  the  available storage 
space f o r  the  successive operation periods. The extreme floods were 
isola ted events in  comparison t o  the small and medium floods. Therefore, 
i t  might be possible t o  modif y the optimal re lease  policy near the thres- 
hold value s o  that  the small and medium floods could be eliminated without 
causing adverse e f fec t s  during the  fu ture  operation of the  system. 
An experiment was designed t o  t e s t  the s ens i t i v i t y  of releases near 
the  threshold volume of 30. Simulations were repeated fo r  the  reservoir  
system using the  previous1 y defined continuous ru l e ,  except t ha t  a re lease  
was r e s t r i c t ed  t o  30 whenever the calculated re lease  volume was l e s s  
than 30 + 6R, where 6 R  is a tolerance fac tor  for  re lease  adjustment. 6 R  
was selected t o  be 2.5, 5, 10, and 20 t o  monitor the  changes i n  system 
performance. The simulation r e su l t s  a re  contained i n  Table 3.5(a, b ,  c ,  
and d )  f o r  N Q  = 10 and NS = 12. 
The use of t h i s  re lease  tolerance 6 R  up t o  a value of 10 improved 
the  overal l  system performance as ref lected by the various performance 
indices.  The small and even the medium floods were eliminated depending 
upon t he  tolerance value used i n  the  simulation. The improvement pers i s t s  
w i t h  increasing 6 R  un t i l  the tolerance is greater  than 10. Beyond t h i s  
tolerance l eve l ,  the a r t i f i c i a l  r e s t r i c t i o n  imposed upon the  re lease  i n  
the long run leads t'o greater  average flood damage (Table 3 .5(b))  as  well 
as l a rger  maximum flood magnitude (Table 3.5 (d)  ) . T h i s  phenomenon might 
Table 3.5 Comparison among Simulation Results Based on the  Modified 
Continuous Rule w i t h  Corrections Made on the  Releases within a 
Tolerance Value of 6R beyond the  Threshold Release of 30. 
Simulation Period = 50 Years, w i t h  10 Dist inct  Simulation 
Runs. N Q =  10; NS = 12.' 
( a )  Total Number of Flood Occurrence 
6 R 
Simulation 
Runs 0 2.5 5 10 2 0 
Aver age 
(b )  Annual Average Flood Damage 
6 R 
Simulation ........................................... 
Runs 0 2.5 5 10 20 
Average 
Table 3.5 (continued) 
( c )  Total Forced Release Volume Which Causes Flooding (50  Years) 
6 R 
Simulation ........................................... 
Runs 0 2.5 5 1 0  2 0 
Average 
( d )  Maximum Flood Release 
6 R 
Simulation ........................................... 
R uns 0 2.5 5 10 2 0 
Maximum 113.6 113.6 113.6 1 1  3.6 143.6 
* Reservoir f u l l .  
be a t t r ibu ted  t o  the  discre te  approximation of the  storage and the  inflow 
s t a t e s .  Because the  s t a t e  variables were represented by a few f i n i t e  
d iscre te  values, d is tor t ions  ex i s t  in the  optimal discre te  solution.  T h i s  
d i s to r t ion  cannot be t o t a l l y  eliminated even when the continuous ru l e  is 
used, s ince  the continuous ru l e  is based on simple l i nea r  in terpola t ion on 
the d i sc re te  ru l e ,  which can be biased i n  the f i r s t  place. By allowing a 
tolerance on the  re lease  above the  non-flooding ce i l i ng ,  the d i s to r t ion  
and uncertainty involved i n  a d i sc re te  model can somewhat be adjusted. 
In  t h i s  experimental study, the  increments of storage and wet season 
inflow used i n  SP model a r e  10 and 22.5 respectively.  Thus, the e r ror  
introduced f o r  the  storage and inflow would be roughly half the  s t a t e  
increment, i . e . ,  5 and 11.25. Since the optimal re lease  is computed by 
the  mass balance equation, the uncertainty associated w i t h  the  s t a t e  
variables w i t h  larger increment would be transmitted t o  the re lease  as 
well. Hence, a tolerance value near 1 1  .25 should be expected t o  lead t o  
the  best system performance; and t h i s  has been observed i n  Table 3.5 fo r  
6R = 10. A s  a check, a separate experiment has been performed w i t h  both 
the numbers of storage and inflow s t a t e s  doubled i n  the SP model. I t  was 
found t ha t  the breakthrough value of 6R s h i f t s  t o  5, which still conforms 
t o  the  above asser t ion.  
The numerical evidence provided i n  Tables 3.4 and 3.5 demonstrates 
t h a t  the d i rec t  optimal solut ion obtained from an SP model sometimes would 
not lead t o  the best  overall  system performance. Although the  modeling 
r e s u l t s  would ideal ly  become more accurate by using f i n e r  s t a t e  increments 
for  the  variables,  the increasing computation burden might l i m i t  the 
number of s t a t e s  ultimately included in  a d i sc re te  model. The system 
performance can perhaps be improved as much or more, however, without 
resor t ing t o  a more complex model i f  the major system charac te r i s t i cs  can 
be more accurately described by modifying the d i sc re te  optimal solut ion.  
3.5 Summary 
A typical  SP model for reservoir  study generally involves the 
d i sc re t i za t ion  of continuous storage and inflow var iables ,  the  estimation 
of a Markov t rans i t ion  probabil i ty matrix, and the se lec t ion  of adequate 
measures for evaluating the  system performance. The major advantage of 
using SP models is that  the resu l t ing  optimal steady-state operation 
policy impl ic i t ly  accounts f o r  the future  hydrologic uncertainty, and the  
long-term performance of a reservoir  system can be assessed without 
resor t ing  t o  laborious simulation s tudies .  However, because of a general 
lack of complete information re la ted  t o  a reservoir  system, some dis tor-  
t ions  and errors  w i l l  be introduced i n  t he  modeling procedure. The s e r i e s  
of s ens i t i v i t y  analyses that  has been conducted demonstrates the possible 
causes of errors  a t  the various s tages  i n  formulating a typical  SP model, 
and the  uncertainties involved i n  the evaluation of the expected system 
performance and the corresponding optimal operat ion policy. 
The pa r t i t i on  of storage and inflow s t a t e s  has been shown t o  a f fec t  
d i r ec t l y  the  precision of the  optimal re lease  policy. Extremely large  
re leases  a re  l i ke ly  t o  occur as i sola ted events i n  the real-time operation 
of the  reservoir  system. These extreme events a r e  r e l a t i ve ly  insensi t ive  
t o  the increments of the s t a t e  variables as compared t o  the  smaller 
re leases .  Nevertheless, these ra re ly  occurring extreme events can have a 
major impact on the  estimation of expected system performance i n  an SP 
model. Even i f  the  expected system performance appears t o  be s tab i l i zed  
w i t h  the  models of f i n e r  s t a t e  pa r t i t ions ,  the d i s to r t ions  associated 
w i t h  the small or medium releases might not be completely diminished. On 
the  other hand, the d i sc re te  optimal decisions would normally provide 
fundamental ins ights  as t o  how a  system's objectives and const ra ints  might 
be captured by the  model solution.  I t  has been shown by the  simulation 
r e su l t s  tha t  i t  could be more e f f i c i en t  t o  eliminate the  model's d is tor-  
t ion  by d i rec t ly  adjus t ing the d i sc re te  optimal r e s u l t  r a t he r  than using 
the same SP model w i t h  more s t a t e s .  
The uncertainty associated w i t h  estimation of the commonly used 
second order hydrologic parameters, spec i f i c a l l y  the coeff ic ient  of 
var ia t ion v and the corre la t ion coeff ic ient  p of inflows, generally 
a f f e c t s  the accuracy of the expected system performance. The coeff ic ient  
of variat ion has a  s ign i f i can t  impact on the modeling r e s u l t  regardless of 
the  reservoir  s i z e  and performance function used i n  the  s e n s i t i v i t y  
analys is .  Comparatively, the influence of s e r i a l  corre la t ion of inflows 
on the expected system performance depends largely  on the  storage capacity 
of a  reservoir  system. For reservoir  systems w i t h  s torage r a t i o s  l e s s  
than 2 ,  the uncertainty associated w i t h  v can cause s ign i f i can t ly  l a rger  
e r ro rs  i n  the f lood damage estimation than the uncertainty with p .  For 
even smaller r ese rvo i r s ,  the uncertainty associated w i t h  p would be 
p rac t i ca l ly  immaterial to  the expected performance estimated from the 
SP model. 
The shape of the performance function fo r  a  reservoir  system has 
long been recognized i n  the  l i t e r a t u r e  t o  a f fec t  d i r ec t l y  the  resu l t ing  
optimal policy of an' SP model. In the flood protection example, the 
convex and the  concave damage functions l ed  t o  d r a s t i c a l l y  d i f ferent  
o p t i m a l  d e c i s i o n s  o n  t h e  releases d e p e n d i n g  upon t h e  i n i t i a l  s t o r a g e ,  t h e  
c u r r e n t  i n f l o w ,  a n d  t h e  f u t u r e  h y d r o l o g i c  c o n d i t i o n s .  For  a l l  t h e  p o s s -  
i b l e  s y s t e m  c o n d i t i o n s ,  t h e  c o n v e x  o r  t h e  c o n c a v e  f u n c t i o n  a l o n e  d o e s  n o t  
r e s u l t  i n  a  c o n s i s t e n t  o p e r a t i o n  p o l i c y  w h i c h  c o m p l i e s  w i t h  human i n t u i -  
t i o n  t o w a r d s  s h o r t - t e r m  i n t e r e s t s  r a t h e r  t h a n  l o n g - t e r m  b e n e f i t s .  H e n c e ,  
t h e  c o n t r o l  s t r a t e g y  o f  a  r e s e r v o i r  s y s t e m  b a s e d  o n  human i n t u i t i o n  would  
l i k e l y  b e  s u b o p t i m a l  i f  j u d g e d  f r o m  t h e  s t r i c t  r e s u l t  o f  a  m a t h e m a t i c a l  
p rogramming  model  . 
The t r a d e o f f s  be tween  t h e  c o m p e t i n g  o b j e c t i v e s  i n  r e s e r v o i r  o p e r a -  
t i o n  c a n  b e  examined  by t h e  c h a n g e s  i n  c e r t a i n  s y s t e m  c h a r a c t e r i s t i c s ,  
s u c h  a s  t h e  e x p e c t e d  r e s e r v o i r  p e r f o r m a n c e  o r  t h e  s t e a d y - s t a t e  d i s t r i b u -  
t i o n  o f  t h e  s t o r a g e ,  as a r e s u l t  o f  t h e  s h i f t i n g  emphases  o n  t h e  v a r i o u s  
o b j e c t i v e s .  A l t h o u g h  s u c h  i n d i c e s  re la ted t o  t h e  lumped  s y s t e m  p e r f o r m -  
a n c e  m i g h t  d e m o n s t r a t e  a  c l e a r  a n d  c o n s i s t e n t  p a t t e r n  o f  t r a d e o f f s  i n  
o b j e c t i v e  s p a c e ,  t h e y  u s u a l l y  f a i l e d  t o  p r o v i d e  d e t a i l e d  i n f o r m a t i o n  a b o u t  
t h e  c h a n g e s  i n  d e c i s i o n  s p a c e  d u e  t o  t h e  v a r y i n g  s y s t e m  p r e f e r e n c e s .  I t  
h a s  b e e n  shown t h a t  when b o i l e d  down t o  t h e  l e v e l  o f  i n d i v i d u a l  d i s c r e t e  
d e c i s i o n s ,  n o t  o n l y  t h e  r e l a t i v e  p r e f e r e n c e s  o f  t h e  o b j e c t i v e s  b u t  a l s o  
t h e  c u r r e n t  s y s t e m  s t a t u s  would a f f e c t  t h e  o p t i m a l  o p e r a t i o n  p o l i c y  f o r  
t h e  l o n g - t e r m  b e s t  s y s t e m  p e r f o r m a n c e .  
F i n a l l y ,  s i m u l a t i o n  s t u d i e s  a r e  shown t o  b e  u s e f u l  i n  c o m p l e m e n t i n g  
t h e  SP m o d e l i n g  r e s u l t s .  S i m u l a t i o n  would b e  n e c e s s a r y  t o  h e l p  i d e n t i f y  
t h e  i m p l i c i t  d i s t o r t i o n s  i n v o l v e d  i n  SP m o d e l i n g ,  w h i c h  m i g h t  n o t  b e  v e r y  
e v i d e n t  b y  l o o k i n g  a t  t h e  d i r e c t  o p t i m a l  r e s u l t s .  D e s p i t e  t h e  many 
u n c e r t a i n t i e s  embedded i n  SP m o d e l s ,  t h i s  m o d e l i n g  t e c h n i q u e  p r o v i d e s  a  
c o m p r e h e n s i v e  a s s e s s m e n t  o f  t h e  e x a m p l e  r e s e r v o i r  s y s t e m 1  s r e s p o n s e  t o  t h e  
varying hydrologic inputs in  steady-state operation conditions. I t  is 
c r i t i c a l  for  a modeler t o  perceive the sources of potential  e r rors ,  and t o  
f i l t e r  out the useful information contained in  the  optimal solution t o  
effect ively  apply an SP model for reservoir  study. Frequently, modifica- 
t ions  are  needed t o  make the  s t r i c t  SP modeling r e su l t s  closer t o  r e a l i t y  
without worsening the system performance i n  the long run. 
I V .  A CASE STUDY OF LAKE SHELBWILLE, ILLINOIS 
4.1 Purpose  
The o b j e c t i v e  of  c o n d u c t i n g  t h e  c a s e  s t u d y  of t h i s  c h a p t e r  is t o .  
e x t e n d  t h e  f i n d i n g s  of  SP model ing from a h y p o t h e t i c a l  r e s e r v o i r  sys tem t o  
a r e a l  r e s e r v o i r  sys tem.  The f l e x i b i l i t y  o f  t h e  SP f o r m u l a t i o n  a l l o w s  f o r  
t h e  c o n s i d e r a t i o n  of v a r i o u s  o p e r a t i o n  r u l e s  i n  r e s p o n s e  t o  t h e  e v e r -  
chang ing  r e s e r v o i r  o p e r a t i o n  c o n d i t i o n s ,  s u c h  as t h o s e  f o r  Lake Shelby- 
v i l l e ,  I l l i n o i s .  I n  a d d i t i o n ,  a m o d i f i e d  s t o c h a s t i c  dynamic programming 
(SDP) model is p r e s e n t e d  t o  measure  p r o p e r l y  t h e  a g r i c u l t u r a l  and p r o p e r t y  
damages d u e  t o  f l o o d i n g  i n  c o n s e c u t i v e  crop-growing months. The s e n s i  t i v -  
i t y  o f  t h e  performance o f  Lake S h e l b y v i l l e ,  judged  from t h e  l o s s e s  of  
a g r i c u l t u r a l  r e v e n u e s  and r e c r e a t i o n a l  b e n e f i t s ,  p r o p e r t y  damages, as well 
a s  t h e  changes  i n  pool  l e v e l s  and o u t f l o w  r e l e a s e s  is i n v e s t i g a t e d  and 
d i s c u s s e d .  
4.2 System D e s c r i p t i o n  
4.2.1 Background 
Lake S h e l b y v i l l e  and C a r l y l e  Lake a r e  t h e  two major  man-made r e s e r -  
v o i r s  i n  t h e  Kaskask ia  R i v e r  Bas in ,  I l l i n o i s ,  and were c r e a t e d  by damming 
t h e  Kaskaskia R i v e r  n e a r  S h e l b y v i l l e  and C a r l y l e  ( F i g .  4 .1 ) .  The U.S. 
Army Corps  o f  E n g i n e e r s  h a s  been r e g u l a t i n g  b o t h  r e s e r v o i r s  s i n c e  t h e i r  
comple t ion  i n  1970 and 1967,  r e s p e c t i v e l y .  Other  major  bas in-wide w a t e r  
r e s o u r c e s  p r o j e c t s  i n c l u d e  t h e  c o n s t r u c t i o n  of t h e  Kaskask ia  N a v i g a t i o n  
Channel ( comple ted  i n  November, 1974) downstream from F a y e t t e v i l l e  t o  
t h e  M i s s i s s i p p i  R i v e r ,  t h e  a u t h o r i z a t i o n  of  s i x  l e v e e  d i s t r i c t s  between 
S h e l b y v i l l e  and C a r l y l e ,  and t h e  comple t ion  o f  New Athens l o c a l  p r o t e c t i o n  
Figure 4 .1  Locations of the Major Water Resources Developments i n  the 
Kaskaskia River Basin, I l l i n o i s .  
project .  These developments j o in t l y  serve the  region f o r  flood control ,  
recreat ion,  navigation, water supply, and f i s h  and wi ld l i fe  conservation 
purposes (Corps of Engineers, 1977 ; 1983a, b )  . 
Lake Shelbyvil le  and Carlyle Lake together control the runoff from 
about half of the  t o t a l  drainage area of the  Kaskaskia River Basin above 
Carlyle.  While the design capacity of Lake Shelbyvil le  is 1.7 times the 
mean annual inflow above Shelbyvil le ,  the  s torage r a t i o  of Carlyle Lake t o  
the mean annual inflow above Carlyle is only 0.84. About half of e i the r  
l ake ' s  t o t a l  s torage space is devoted t o  withholding the projected flood . 
which equals 60% of the spillway design storm. Additional storage space 
(surcharge s torage)  can be created when the  t a i n t e r  gates are  f u l l y  
opened; and the maximum surcharge storage can increase t o  as much as 32% 
and 23% of t he  t o t a l  s torage space avai lable  i n  Lake Shelbyvil le  and 
Carlyle Lake, respectively.  The joint-use storage reserved fo r  the  
combined downstream navigation and water supply re lease  accounts f o r  18% 
of the t o t a l  storage space i n  both lakes.  In recent years the urban areas 
and l oca l  indust r ies  i n  the  Lower Kaskaskia River Basin have not developed 
t o  t h e i r  projected growths, which might demand the f u l l  amount of the 
joint-use reserve. So the present operations of both lakes a r e  mostly 
centered around the flood control ,  recreat ion,  and f i s h  and w i ld l i f e  
conservation issues .  
Despite the large  storage capaci t ies  of both lakes ,  t h e i r  operation 
ru les  have been modified several  times s ince  the reservoirs  were placed i n  
operation. The major reasons fo r  causing these  changes a r e  summarized 
below (Corps of Engineers, 1 9 8 3 ~ )  : 
( a )  The maximum f l o o d  r e l e a s e  from each l a k e  is governed by t h e  
downstream channel c a p a c i t y .  Some of t h e  proposed l o c a l  l e v e e s  
were never  b u i l t  , r e s t r i c t i n g  t h e  maximum a l l o w a b l e  r e l e a s e  t o  
a  lower r a t e  t h a n  o r i g i n a l l y  p lanned.  
( b )  I n  t h e  s e v e r e  f l o o d  y e a r s  1973-1974, t h e  c o n t r o l  of both  l a k e s  
based o n  t h e  t h e n - e x i s t i n g  o p e r a t i o n  g u i d e l i n e s  caused both  
upstream and downstream f l o o d i n g  which cou ld  have been e i t h e r  
avo ided  o r  m i t i g a t e d  had a  b e t t e r  r u l e  been used.  
( c )  The Kaskaskia  River  Nav iga t ion  Channel was p l a c e d  i n  o p e r a t i o n  
on a  l i m i t e d  b a s i s  beg inn ing  i n  J u l y  1976. The t a r g e t  win te r  
pool l e v e l  was then  r a i s e d  from 590.0 t o  596.0 f t  s o  t h a t  
enough wa te r  would be a v a i l a b l e  t o  augment t h e  f low i n  t h e  
Nav iga t ion  Channel when a  drought  o c c u r r e d .  
( d l  The i n c r e a s i n g  emphasis on t h e  r e c r e a t i o n  and t h e  f i s h  and 
wi ld1  i f  e  c o n s e r v a t i o n  ' u ses ,  accompanied by t h e  economic deve- 
lopments  of t h e  p r i v a t e  b u s i n e s s e s  s u r r o u n d i n g  t h e  l a k e  a r e a s  
n e c e s s i t a t e s  c o n s t a n t  meet ings  between t h e  Corps of Eng ineers  
and t h e  l o c a l  i n t e r e s t  groups .  These mee t ings  have u s u a l l y  l e d  . 
t o  m o d i f i c a t i o n s  of t h e  e x i s t e d  o p e r a t i o n  r u l e s .  
The above r e a s o n s  t y p i f y  t h e  problems o f t e n  encoun te red  i n  t h e  
development of a  r i v e r  bas in .  Because of t h e  s t o c h a s t i c  n a t u r e  of hydro- 
l o g i c  e v e n t s  and t h e  u n p r e d i c t a b l e  f u t u r e  of socio-economical  changes ,  
managing v a l u a b l e  wa te r  r e s o u r c e s  w i t h i n  a  r i v e r  b a s i n  i n e v i t a b l y  needs  
c o n s t a n t  r e -assessment  of t h e  e x i s t i n g  r e g u l a t i o n  and c o n t r o l  p l a n s .  
Although t h e  l'akes a r e  l o c a t e d  s e r i a l l y  a l o n g  t h e  Kaskaskia  R i v e r ,  
t h e  s t o r a g e  and r e l e a s e  c r i t e r i a  of each a r e  c o n s t r a i n e d  e s s e n t i a l l y  by 
t h e  l o c a l  r e c r e a t i o n  a c t i v i t i e s  on  and n e a r  t h e  l a k e ,  and by t h e  
r e s p e c t i v e  downstream channel  c a p a c i t i e s  f o r  c o n f i n i n g  t h e  f l o o d  r e l e a s e s .  
Thus ,  e i t h e r  l a k e  can be modeled a s  a  s i n g l e  r e s e r v o i r  sys tem wi thou t  
d i s t o r t i n g  ve ry  much t h e  d e s i g n a t e d  f u n c t i o n s  of t h e  two r e s e r v o i r s  f o r  
r e g i o n a l  f l o o d  p r o t e c t i o n  and economic development. I n  t h e  ensu ing  
s e c t i o n s ,  a  s t o c h a s t i c  dynamic programming model is developed f o r  Lake 
S h e l b y v i l l e  t o  a s s i s t  i n  t h e  e v a l u a t i o n  of a l t e r n a t i v e  p l a n s  f o r  t h e  
changing o p e r a t i o n  environment i n  t h e  Upper Kas kas k i a  R iver  Basin .  
4.2.2 Physical Settings 
Lake S h e l b y v i l l e  c o n t r o l s  t h e  s u r f a c e  runof f  from t h e  Upper Kaskas- 
k i a  R iver  Basin  which encompasses a  t o t a l  d r a i n a g e  a r e a  of 1 ,054  s q u a r e  
m i l e s  i n  E a s t - c e n t r a l  I l l i n o i s .  The s t o r a g e  s p a c e  c r e a t e d  by t h e  Shelby- 
v i l l e  Dam is 1,035,900 a c - f t  and is d i v i d e d  i n t o  f o u r  major s t o r a g e  zones  
which i n c l u d e  dead s t o r a g e ,  j o i n t - u s e  s t o r a g e ,  f l o o d  c o n t r o l  s t o r a g e ,  and 
s u r c h a r g e  s t o r a g e  ( F i g .  4 . 2 ) .  The dead s t o r a g e  s p a c e  is used t o  t r a p  t h e  
sed iments  brought i n  by t h e  upstream and l o c a l  i n f l o w s ,  and is e s s e n t i a l l y  
i n e f f e c t i v e  i n  t h e  o v e r a l l  f l o o d  c o n t r o l  p lan .  The j o i n t - u s e  pool of 
180,000 a c - f t  is c o n t r a c t e d  t o  be a p p o r t i o n e d  t o  t h e  f e d e r a l  and t h e  s t a t e  
s t o r a g e s  of 155,000 a c - f t  and 25,000 a c - f t ,  r e s p e c t i v e l y .  The f e d e r a l  
s t o r a g e  is t o  be used f o r  downstream f low augmentat ion d u r i n g  t h e  drought  
p e r i o d ;  and t h e  s t a t e  s t o r a g e  is r e s e r v e d  main ly  f o r  r e g i o n a l  wa te r  s u p p l y  
purposes  (Corps of E n g i n e e r s ,  1964) .  I n  o r d e r  t o  r e t a i n  t h e  f u l l  j o i n t -  
use  pool o f  Lake S h e l b y v i l l e ,  t h e  t a i n t e r  g a t e s  must be comple te ly  c l o s e d .  
The f l o o d  c o n t r o l  s t o r a g e  is des igned  t o  w i t h h o l d  60% of  t h e  n e t  runof f  
from t h e  s t a n d a r d  p r o j e c t  s to rm o c c u r r i n g  i n  t h e  Upper Kaskaskia  R i v e r  
Bas in .  T h i s  was f e l t  t o  be t h e  minimum s t o r a g e  s p a c e  r e q u i r e d  t o  meet t h e  
Lake Shelbyvile 
C o n t r o l  474,000 ac-ft 
Joint-use 
* * A A A A A A * * *  
D e a d  * * A A A A A A * *  A A * * A A A A * * A  
A A A A A A A A A *  
Storage A A A A A A A A A A *  A A A A * A A A A * * *  
A L A A A A A A A A A  
Total Storage = 1,035,900 ac-ft 
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downstream flood control c r i t e r i a  (Corps of Engineers, 1962). When the 
t a in t e r  gates a re  f u l l y  opened, the surcharge pool is created w i t h  an 
addit ional  351,900 ac-f t  of storage space avai lable  for  holding the  
incoming flood. Figure 4.2  a l so  shows the top elevations of the respec- 
t i v e  storage zones. 
The land both upstream and downstream from the lake i s  mostly 
devoted t o  agr icul ture  use fo r  growing corn, soybeans, and a limited 
amount of wheat. Protection of the r ipar ian  agr icul tura l  lands from 
being flooded is the primary function of the  lake.  While a non-damaging 
re lease  r a t e  of 1,800 c f s  or l e s s  does not a f fec t  the  downstream crop 
production i n  the growing season, the  maximum release  i n  the dormant 
season was allowed t o  be as high as 4,500 c f s  from 1975 t o  1983 for  lake 
levels  below the  top of the flood control pool, i .e .  626.5 f t  m.s.1. (mean 
sea l eve l ) .  Overland flooding i n  the  upstream lake area can be induced, 
however, when the lake level  is above 610.0 f t .  
Various f a c i l i t i e s  have been bu i l t  along the lakefront as well as in  
the  lake fo r  f i sh ing ,  boating, and waterskiing a c t i v i t i e s  tha t  take place 
mostly i n  the  summer. Although a pool level  ranging between 589.0 and 
602.0 f t  would not s ign i f ican t ly  reduce the  number of t ou r i s t s  coming t o  
the lake area (Singh e t  a l . ,  1975), the  summer lake level  is conveniently 
chosen t o  be a t  the  top of the  joint-use pool of 599.7 f t .  The goal is 
thereby t o  maintain t h i s  pool level  whenever possible without causing 
downstream flooding i n  the  summer t o u r i s t  season. 
4.2.3 Operation History and Previous Studies  
The control  of Lake Shelbyville can be categorized i n to  four major 
areas: ( a )  the re lease  r a t e ,  ( b )  the change of re lease  r a t e ,  ( c )  the  lake 
l e v e l ,  and ( d )  the change of lake level .  These control  regulat ions are 
not only in te r re la ted  but a l so  time-varying. In the  crop-growing season, 
the  flood control re lease  (maximum allowable r e l e a se )  is 1,800 c f s  when 
the lake l eve l  is below 610.0 f t .  I f  the lake level  exceeds 610.0 f t  up 
t o  the  top of the  flood control pool, the  re lease  ce i l i ng  of 1,800 c f s  is 
l i f t e d  l i nea r l y  t o  4,500 c f s .  In the dormant season, the flood control 
r e lease  was s e t  a t  4,500 c f s  f o r  lake l eve l s  below 626.5 f t  during 1975- 
1983. In December 1983, the  flood control re lease  was reduced t o  3,800 
c f s  f o r  lake  l eve l s  below 605.0 f t .  When the  lake  level  exceeds 626.5 f t ,  
i t  is required t o  pass the f lood a t  a higher re leas ing r a t e  than the  
inflow r a t e  up t o  the  spillway capacity i n  order t o  bring the  pool down 
below 626.5 f t .  The minimum release  is always 10 c f s  regardless of the 
time of year. Changes of re lease  or s torage r a t e s  a r e  r e s t r i c t e d  s o  tha t  
ser ious  bank erosion both within and downstream from the lake can be 
avoided (Corps of Engineers, 1983a, EXHIBITS Dl-3). In addi t ion t o  other 
r u l e s ,  a change of re lease  r a t e  greater  than 500 c f s  per day is always 
prohibited . 
The lake is generally controlled t o  meet the desired pool l eve l  
whenever possible without v iola t ing other re lease  and s torage require- 
ments. The re lease  i s  constrained mainly by the channel capacity; and the 
s torage ru l e  curve has experienced several  modifications over the  past 
s ix teen years. The evolution of the current operation r u l e  curve is 
summarized i n  Fig. 4.3. 
The i n i t i a l  operation plan of Lake Shelbyvil le  was re-evaluated i n  
1969, even before the completion of the  dam, i n  response t o  numerous 
complaints about the regulat ion of Carlyle Lake which was b u i l t  and placed 
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i n  operation i n  April 1967. Among the  nine a l t e rna t ive  plans considered, 
the one shown i n  Fig. 4.3(a)  was se lected,  d i c t a t i ng  a summer pool level  
of 599.7 f t  from April 1 t o  November 30, and a winter drawdown t o  590.0 f t  
f o r  the r e s t  of a year. The maximum allowable re lease  had been r e s t r i c t e d  
t o  1,800 c f s  f o r  the  en t i r e  year f o r  lake l eve l s  below 610.0 f t  before the 
l a t e r  change made i n  1975. I t  should be noted that  i n  the  t r an s i t i ons  
between the  two pool levels  the  regulat ion would not be as s t r i c t  as t ha t  
implied by the graphs in  Fig. 4.3. Actually the lake pool would be 
gradually sh i f t ed  from one seasonal level  t o  another w i t h  a l l  the  re lease  
const ra ints  met. Thus, i n  Fig. 4 .3 (a ) ,  beginning on April 1 the  re lease  
from the  lake  would be r e s t r i c t e d  t o  a minimum of 10 c f s  u n t i l  the  lake 
level  was ra ised t o  the summer pool l eve l .  On the  other hand, beginning 
on December 1 the  re lease  would be l a rger  than the upstream inflow, yet 
l e s s  than 1,800 c f s ,  u n t i l  the lake was lowered t o  the winter pool l eve l .  
From October 1972 t o  September 1974, the  Kaskaskia River Basin 
experienced the  two wettest  hydrologic years i n  i ts recorded his tory ,  
which prompted another modification of the l a k e  operation rule .  After a 
t r an s i t i on  period of two and half years, the winter drawdown period of 
Lake Shelbyvil le  was lengthened from October 1 t o  May 1 ,  i n  an attempt t o  
increase the f lood storage during the spring planting and seeding season. 
In  addi t ion,  the  maximum allowable re lease  i n  the dormant season was 
increased t o  4,500 c f s  f o r  f a s t e r  discharge of the f lood inflow. I n  the 
summer of 1976, the  lake never regained the desired level  of 599.7 f t  
because of the deep drawdown of the winter pool and the  l imited surface 
runoff entering the  'lake i n  t h a t  season. The pool ac tua l ly  stayed below 
594.0 f t  f o r  the  e n t i r e  summer i n  1976. To reduce the gap between the 
summer pool and the  winter pool, while not s ac r i f i c i ng  very much of the 
f lood control function provided by the winter drawdown, the winter pool 
was changed t o  596.0 f t  beginning i n  the  l a t t e r  half of 1976. The time of 
making t h i s  change coincided w i t h  the  beginning operation of the Kaskaskia 
River Navigation Channel. An increase of the  winter pool l eve l  was a l so  
des i rable  t o  provide adequate amount of re lease  fo r  augmenting the flow i n  
the  Navigation Channel when a drought occurred. I t  was concluded tha t  a  
moderate degree of s a t i s f ac t i on  fo r  the summer recreat ional  endeavors 
could be maintained a t  596.0 f t  even when the  summer pool would not reach 
the desired elevation of 599.7 f t  (Corps of Engineers, 1983a). 
For the  next s i x  years a f t e r  1976, the  weather i n  the Kaskaskia 
River Basin was r e l a t i ve ly  mild; and the  operation ru le  curve remained 
essen t ia l ly  unchanged. The most recent modification was made i n  l a t e  1983 
based on the  operation experience of the  Corps of Engineers as well as on 
constructive c r i t i c i sms  f  rom the local  business groups and farmers . 
The winter drawdown period was shortened from October 1 back t o  December 1 
because the 1975 lengthening of the drawdown period had not provided 
measurable improvement i n  the  spr ing flood control.  In  addi t ion,  water- 
fowl hunting could be improved by extending the  summer pool t o  November. 
The winter t a rge t  level  was lowered t o  594.0 f t ;  and the  maximum allowable 
re lease  was reduced t o  3,800 c f s  fo r  pool l eve l s  below 605.0 f t  f o r  bet ter  
spr ing flood control .  Minor adjustments including a 6-in drawdown on July 
1 and a 1 - f t  pool r a i s e  on October 1 were a l so  made t o  improve f i shery  and 
waterfowl habi ta t .  
The sixteen-ye'ar operation his tory  of Lake Shelbyvil le  s o  f a r  has 
involved three  major t r an s i t i on  periods. The 1970-1 976 t r an s i t i on  was the  
a d a p t i v e  pe r iod  d u r i n g  which bo th  t h e  unusual  wet y e a r s  1973-1974 and t h e  
d ry  summer of 1976 were encoun te red  i n  t h e  b a s i n  -- an unusual  combination 
of h y d r o l o g i c  e v e n t s .  Owing t o  t h e  impacts  of t h e s e  e v e n t s ,  a  more 
a c c e p t a b l e  o p e r a t i o n  p lan  evolved and was adopted f o r  t h e  n e x t  t r a n s i t i o n  
p e r i o d  between l a t e  1976 and 1983. The t h i r d  p e r i o d  began i n  l a t e  1983 
when t h e  e r a  of f i n e - t u n i n g  t h e  r u l e  cu rve  commenced i n  o r d e r  t o  meet t h e  
needs  of  l o c a l  i n t e r e s t  groups  i n  t h e  b a s i n .  
Besides  t h e  e f f o r t s  of t h e  Corps of Eng ineers  i n  conduc t ing  economic 
and h y d r o l o g i c  s t u d i e s  of  Lake S h e l b y v i l l e  and C a r l y l e  Lake i n  t h e  f i r s t  
t r a n s i t i o n  p e r i o d ,  two s e p a r a t e  s t u d i e s  of t h e  o p e r a t i o n  of  bo th  l a k e s  
were conducted j o i n t l y  by t h e  D i v i s i o n  of Water Resources ,  I l l i n o i s  
Department of T r a n s p o r t a t i o n  and t h e  I l l i n o i s  S t a t e  Water Survey (Singh e t  
a l .  1975; and S ingh ,  1977) .  I n  t h e  1975 r e p o r t ,  S i n g h  e t  a l .  used d i s -  
c r e t e  d i f f e r e n t i a l  dynamic programming ( D D D P )  t o  de te rmine  t h e  o p t i m a l  
o p e r a t i o n  p l a n  which minimizes t h e  a g r i c u l t u r a l ,  r e c r e a t i o n ,  and p r o p e r t y  
damages i n  bo th  l a k e  a r e a s  i n  a  24-year p e r i o d  from 1942 t o  1965. A 
s i m u l a t i o n  s t u d y  based on t h e  f i n d i n g s  from t h e  DDDP model r e v e a l e d  t h a t  
t o  m a i n t a i n  a  summer pool l e v e l  of 595.0 f t  would induce  l e s s  long-term 
a g r i c u l t u r a l  and r e c r e a t i o n  l o s s e s  t h a n  t h o s e  ach ieved  by t h e  Corps '  p l a n  
o f  a 599.7 f t  summer poo l .  D i f f e r e n c e s  i n  o t h e r  a s p e c t s  between t h e  two 
p l a n s  were compara t ive ly  i n s i g n i f i c a n t  t o  t h e  o v e r a l l  r e s e r v o i r  
performance.  I n  t h e  1977 fol low-up r e p o r t ,  S ingh ex tended  t h e  p r e v i o u s  
s i m u l a t i o n  s t u d y  and s u g g e s t e d  a  w i n t e r  pool r a n g i n g  from 590.0 t o  594.0 
f t  and a  summer pool from 593.5 t o  597.0 f t  f o r  d i f f e r e n t  l e v e l s  of t h e  
downstream w a t e r  s u p p l y  and n a v i g a t i o n  demands. Although t h e  Corps of 
Eng ineers  a d j  u s t e d  t h e  w i n t e r  pool somewhat f o l l o w i n g  t h e s e  r e p o r t s ,  t h e y  
never  adop ted  t h e  p l a n  t o  lower t h e  summer pool below 599.7 f t  because of 
t h e  a l r e a d y  e s t a b l i s h e d  w a t e r - r e l a t e d  f a c i l i t i e s  i n  t h e  l a k e  a r e a .  
The s e l e c t i o n  of proper  summer and w i n t e r  t a r g e t  l e v e l s  a s  w e l l  a s  
t h e  r e s p e c t i v e  p e r i o d s  f o r  m a i n t a i n i n g  t h e s e  poo l s  is c o n s i d e r e d  t h e  c o r e  
of proper  o p e r a t i o n  of t h e  Lake S h e l b y v i l l e  sys tem.  Thus,  i n  t h e  fo l low- 
i n g  s t u d y ,  t h e  i s s u e  of improving r e s e r v o i r  performance is mainly  
c o n c e n t r a t e d  on  t h e  d e t e r m i n a t i o n  of t a r g e t  pool l e v e l s .  Most of t h e  
economic d a t a  p repared  by Singh e t  a l .  (1975) and Singh (1977) were used 
i n  c o n s t r u c t i n g  t h e  s t o c h a s t i c  dynamic programming model; and t h e  hydrolo-  
g i c  d a t a  were updated through 1982. 
4.3 System Characteristics 
4.3.1 Hydrology 
A con t inuous  d a i l y  f low r e c o r d  of  t h e  Kaskaskia  River  a t  S h e l b y v i l l e  
is a v a i l a b l e  from t h e  Uni ted  S t a t e s  Geo log ica l  Survey ( i n  Water-supply 
Papers  f o r  t h e  Upper M i s s i s s i p p i  River  Bas ins  b e f o r e  1960; and i n  Water 
Resources  Data  f o r  I l l i n o i s  s i n c e  1961) beg inn ing  i n  water  yea r  1941. The 
f lows  were n a t u r a l  r u n o f f s  b e f o r e  t h e  S h e l b y v i l l e  Dam was completed i n  
August ,  1970 and have been c o n t r o l l e d  r e l e a s e s  e v e r  s i n c e .  The monthly 
and annua l  f low s t a t i s t i c s  can be computed d i r e c t l y  from t h e  d a i l y  d a t a  
b e f o r e  August ,  1970. A f t e r  t h e  complet ion of t h e  dam t h e  monthly and t h e  
annua l  f lows a t  S h e l b y v i l l e  need t o  be c o r r e c t e d  t o  account  f o r  t h e  l a k e  
s t o r a g e  e f f e c t s ,  and f o r  c o n s i s t e n c y  w i t h  t h e  e a r l i e r  u n c o n t r o l l e d  f low 
c o n d i t i o n s .  The annual  f low d a t a  a r e  c o n t a i n e d  i n  T a b l e  4.1. 
I t  is obse rved  t h a t ,  i n  t h e  l a s t  42-year r ecorded  h i s t o r y ,  two 
s e v e r e  drought  s i t u a t i o n s  o c c u r r e d  ( i n  1941 and 1953-1955) i n  t h e  Upper 
Kaskaskia  River  Basin.  Moreover, t h e  r i v e r  b a s i n  has  had l a r g e  in f lows  
Table 4.1 Annual Flow Data f o r  the  Kaskaskia River a t  Shelbyvil le ,  
I l l i n o i s .  
Water Year c f s  ac-f t / y r  
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
Aver age 
A water year begins i n  October of the previous year and ends i n  
September of the  indicated year. 
* Flows were corrected fo r  lake storage e f f ec t s .  
more f r e q u e n t l y  t h a n  i n  t h e  p r e v i o u s  y e a r  s i n c e  t h e  c o m p l e t i o n  of  t h e  dam. 
A compar ison  between t h e  f low r e c o r d s  b e f o r e  and a f t e r  t h e  c o n s t r u c t i o n  o f  
t h e  S h e l b y v i l l e  Dam is prov ided  i n  T a b l e  4.2. The f l o w s  i n  March, August ,  
and December a c c o u n t e d  f o r  59% o f  t h e  t o t a l  d i f f e r e n c e  between t h e  mean 
a n n u a l  f l o w s  of t h e  two p e r i o d s .  Moreover, 65% of t h e  d i f f e r e n c e  between 
t h e  mean annua l  f l o w s  was made up o f  t h e  d i f f e r e n c e s  of  f l o w s  i n  t h e  
w i n t e r  drawdown p e r i o d  from December t o  A p r i l .  S e v e r a l  s t a t i s t i c a l  tests 
were  conduc ted  t o  examine i f  t h e s e  d i f f e r e n c e s  a r e  s i g n i f i c a n t .  
The monthly  f l o w s  a r e  assumed t o  be  l o g - n o r m a l l y  d i s t r i b u t e d  based  
on  t h e  Kolmogorov-Smirnov T e s t  a t  a 95% c o n f i d e n c e  l e v e l .  The means and 
s t a n d a r d  d e v i a t i o n s  of  t h e  l o g - t r a n s f o r m e d  f l o w s  are a l s o  l i s t e d  i n  T a b l e  
4.2. The t - s t a t i s t i c  and  t h e  F - s t a t i s t i c  ( M i l l e r  and  F reund ,  1977)  are 
used  t o  t e s t  t h e  d i f f e r e n c e  between t h e  means and between t h e  s t a n d a r d  
e r r o r s  of t h e  normal s ample  d i s t r i b u t i o n s .  A t  a c o n f i d e n c e  l e v e l  of  95%, 
t h e  d i f f e r e n c e s  would be  i n s i g n i f i c a n t  f o r  -2.02 < t < 2.02 ,  and f o r  F < 
2.14. A s  a r e s u l t  of t h e  t e s t ,  o n l y  t h e  August  f l o w s  e x h i b i t  a s i g n i f i -  
c a n t  d i f f e r e n c e  between t h e  two samples .  No a p p a r e n t  r e a s o n  can  be  l i n k e d  
t o  t h e  August  a b n o r m a l i t y ;  and t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of  t h e  Upper 
K a s k a s k i a  R i v e r  B a s i n  i n  g e n e r a l  are n o t  c o n s i d e r e d  t o  have undergone  a 
fundamen ta l  change s i n c e  1941 . Thus,  t h e  d i s t i n c t i o n  between t h e  mean 
a n n u a l  f l o w s  f o r  t h e  two sample  p e r i o d s  might  be s o l e l y  a t t r i b u t e d  t o  t h e  
n a t u r a l  randomness of  t h e  r u n o f f  p r o c e s s  i n  t h i s  r i v e r  b a s i n .  
The  monthly  e v a p o r a t i o n  c o e f f i c i e n t s  w i t h i n  Lake S h e l b y v i l l e  r a n g e  
from 0 .68  i n c h  i n  J a n u a r y  t o  6.02 i n c h e s  i n  J u l y  (Corps  of E n g i n e e r s ,  
1983a ,  T a b l e  1 ) .  The e v a p o r a t i o n  can  be as low as 0.9% of t h e  mean 
monthly  f l o w  i n  F e b r u a r y ;  and  as h i g h  as 50% i n  Sep tember .  However, t h e  
Table 4.2 Comparison of the  Mean Flow S t a t i s t i c s  of the Kaskaskia River 
a t  Shelbyvil le  before and a f t e r  the Construction of the Dam. 
Logarithm of Flow, LoglO(Q) 
Mean Flow Q, 
x 103 ac-f t  
Me an Stan. Dev. 
-- 
0 c  t 13.4 18.2 14.8 
Nov 20.1 26;3 21.5 
Dec 33.5 60.4 41.2 
J an 56.4 66.4 59.3 
Feb 70.0 83.2 73.8 
Mar 65.6 127.4 83.2 
A P ~  87.8 104.1 92.0 
May 79.5 83.7 80.7 
Jun 69.3 74.9 70.9 
J ul 37.7 48.8 40.9 
Aug 11.8 39.6 19.7 
S ~ P  5.2 15.2 8.0 
Annual 550.3 748.2 606.0 
* The t - s t a t i s t i c  is  ins ignif icant  within +2.02 a t  a  95% confidence 
level .  
Q The F - s t a t i s t i c  is ins ignif icant  when l e s s  than 2.14 a t  a  95% confid- 
ence l eve l .  
Note: The Corps of Engineers (1983a, EXHIBIT A )  a l s o  recorded the mean 
annual inflows as 
( a )  570,000 ac- f t  fo r  1930-1970, 
( b )  758,000 ac- f t  for  1971-1976. 
annual evaporation is only about 5.7% of the  mean annual inflow. The lake 
evaporation i n  general plays a very small r o l e  i n  the  current performance 
of Lake Shelbyvil le fo r  'flood control  and recreat ion.  
4.3.2 Flood Control 
Flood control was one of the major reasons fo r  the construction of 
the  Shelbyvil le D a m .  The primary purpose of flood control is t o  minimize 
the agr icul tura l  losses and the property damages i n  the bottomlands along 
the  Kaskaskia River Valley downstream from Shelbyville. Upstream damage 
began t o  accumulate, however, when the lake level  rose above 610.0 f t  
a f t e r  the  completion of the  D a m .  The crop-growing season is ,  considered t o  
begin on May 1 ,  and t o  end when the harvest is completed; the e a r l i e s t  
possible time tha t  t h i s  would occur is October. The spring rainstorms 
which a f fec t  the s o i l  moisture and hence the  net basin runoff are  most 
l i k e l y  t o  occur between A p r i l  and June when f i e l d  preparation and crop 
planting a r e  underway. The ex t ra  storage space spared by the  winter draw- 
down is used t o  hold back the  spring floods and t o  protect the  downstream 
agr icu l tu ra l  land. 
The Corps of Engineers suggested the Flood Hydrograph-Damage Inte-  
gration (FHDI) Method (Cochran, 1960) for estimating flood damages i n  
agr icu l tu ra l  lands. Both the  loss  of d i rec t  production investment ( D P I )  
a t  the  time of flooding and the l o s s  of income ( L I )  a r e  included i n  the 
damage estimation. The values of D P I  and L I  for a typical  acre a r e  
obtained by multiplying the values fo r  various crops i n  tha t  acre by  the  
respective f rac t ions  of the acre fo r  each crop, and adding the  products. 
Singh e t  a l .  (1975) explained the  FHDI method in  great de t a i l  and provided 
the resu l t ing  Lake Shelbyvil le area agr icu l tu ra l  damage data which is 
summarized i n  T a b l e  4.3. The p r o p e r t y  damage d a t a  p e r t a i n i n g  t o  
f a r m s t e a d s ,  r o a d s ,  and farm f e n c e s  o r  o t h e r  s t r u c t u r e s  a r e  a l s o  l i s t e d  i n  
T a b l e  4.3. While t h e  damage t o  p r o p e r t y  may be caused by f l o o d i n g  a t  any 
t ime  i n  a  y e a r ,  t h e  f l o o d  damage t o  c r o p s  is assumed t o  occur  o n l y  i n  t h e  
growing s e a s o n  between May and October .  To compute t h e  t o t a l  a g r i c u l t u r a l  
and p r o p e r t y  damages of t h e  f l o o d e d  l a n d s ,  t h e  a r e a - e l e v a t i o n  and t h e  
a r e a - r e l e a s e  r e l a t i o n s h i p s  f o r  t h e  upstream and downstream r e a c h e s  i n  t h e  
Lake S h e l b y v i l l e  a r e a  a r e  needed and t h e r e f o r e  i n c l u d e d  i n  T a b l e  4.3. 
4.3.3  Recreation 
R e c r e a t i o n  a c t i v i t i e s  a r e  assumed t o  t a k e  p l a c e  mainly  i n  t h e  l a k e  
a r e a  behind t h e  S h e l b y v i l l e  Dam. S i n g h  e t  a l .  (1975)  d i v i d e d  t h e  most 
. . 
popular  r e c r e a t i o n  a c t i v i t i e s  i n t o  seven  major c a t e g o r i e s  -- camping, 
p i c n i c k i n g ,  swimming, b o a t i n g ,  s k i i n g ,  f i s h i n g ,  and hun t ing .  A l l  t h e  
a c t i v i t i e s  excep t  h u n t i n g  t a k e  p l a c e  mainly  i n  t h e  summer t o u r i s t  s e a s o n  
from May t o  September. T a b l e  4.4 shows t h e  year-round d i s t r i b u t i o n  
of v i s i t o r s  f o r  each r e c r e a t i o n  a c t i v i t y  o n  a  monthly b a s i s .  The v i s i t o r  
d i s t r i b u t i o n  d a t a  were  o b t a i n e d  from t h e  Corps f i e l d  o f f i c e  a t  Lake 
S h e l b y v i l l e  f o r  y e a r s  1971-1974 (S ingh  e t  a l . ,  1975) .  The monthly d i s t r i -  
b u t i o n  p a t t e r n  of e a c h  a c t i v i t y  was assumed unchanged; and t h e  t o t a l  
v i s i t o r  numbers were e s t i m a t e d  f o r  1975. The t o t a l  e x p e n d i t u r e  of each 
v i s i t o r  i n  t h e  l a k e  a r e a  is a  h i g h l y  v a r i a b l e  parameter  depending upon t h e  
kind of a c t i v i t i e s  i n v o l v e d ,  and t h e  i n t e n s i t i e s  of t h e  r e c r e a t i o n a l  
f a c i l i t i e s  used.  Corps of Eng ineers  (S ingh  e t  a 1  ., 1975)  used a  p r i c e  of 
$3.00 p e r  v i s i t o r  pe r  day f o r  b o t h  f i s h i n g  and h u n t i n g ,  and $1.50 per 
v i s i t o r  per  day f o r  t h e  r e s t  of t h e  r e c r e a t i o n  a c t i v i t i e s  i n  t h e  Lake 
Table 4.3 Per t inent  Agricultural  and Property Data, with Complementary 
Area-Elevation and Area-Release Relationships f o r  the  Upstream 
and t h e  Downstream Reaches i n  the  Lake Shelbyvi l le  Area. 
Crop damages, 
d o l l a r d a c r e  
Corn 
Soybeans 
Wheat 
Total 
Property damages, 
. d o l l a r s / a c r e  
Above ~ h e l b ~ v i l l e *  Below shelbyvil le**'  
* For a rea  flooded above 610.0 f t .  
** For area  flooded i n  bottomlands ( r e l ease  > 1,800 c f s ) .  
T a b l e  4 .4  D i s t r i b u t i o n s  o f  V i s i t o r s  f o r  V a r i o u s  R e c r e a t i o n  A c t i v i t i e s .  
V i s i t o r  ~ i s t r i  bu t  i on*  
Month 
Camping P i c n i c k i n g  Swimming B o a t i n g  S k i i n g  F i s h i n g  Hun t ing  
Oct 
Nov 
Dec 
J an  
Feb 
Mar 
Apr 
May 
J un 
Jul 
A ug 
Sep  
Tot  a1 1.0000 1.0000 
V i s i t o r s  365 ,000  130 ,000  
( / y e a r  1 
* F o r  y e a r s  1971-1974. 
**  For  y e a r  1975. 
Shelbyvil le area,  based on the recommended data from the Water Resources 
Council (1973). Although both the number of v i s i t o r s  and t h e i r  expendi- 
tu res  may change through the years, the data provided by Corps of Engi- 
neers a re  used herein i n  order t o  compare the r e su l t s  from the s tochas t ic  
programming model t o  those of the previous s tudies .  
The damage t o  recreation is measured by the  loss  of v i s i t o r s  i n  the 
lake area because of the undesirable pool l eve l s  f o r  the various recrea- 
t ion a c t i v i t i e s  (Singh, 1975). Table 4.5 l ists the lake l eve l s  a t  which 
recreation damages would occur, as well as the  percent loss  of v i s i t o r s  
per foot change of the lake level .  A l l  the camping and picnicking areas 
along the  lake are  located above the  top of the  flood control pool, 626.5 
f t ;  and the v i s i t o r s  involved in  these two a c t i v i t i e s  would not be 
affected b y  the change of lake level .  For each of t he  other a c t i v i t i e s ,  
there  are  high and low threshold levels  between which the  v i s i t o r s  would 
f ee l  indif ferent  t o  the  change of lake level .  However, when the  lake 
level  r i s e s  or f a l l s  beyond those ranges, fewer t ou r i s t s  would be expected 
t o  v i s i t  the  lake area. For example, the  lowest level  tha t  a l l  switnmers 
i n  the lake area would t o l e r a t e  is 589.0 f t .  I f  the lake f a l l s  below t h i s  
l eve l ,  a  5% decrease i n  the expected number of swimmers would be incurred 
for an addit ional  one foot  drop of the lake l eve l .  However, only a  
maximum of 50% of the  t o t a l  expected swimmers could be turned away when 
the lake drops below 579.0 f t .  Thus, the recreational  l o s s  of a  ce r ta in  
a c t i v i t y  due t o  an undesirable lake level  can be estimated by multiplying 
the  expected expenditure per v i s i t o r  per day by the number of v i s i t o r s  
l o s t  i n  t ha t  par t icular  day. 
Table 4.5 Percent of Recreation Loss per Foot of Change i n  Lake Level, 
Lake Shelbyville. 
Activi ty Low Level: Loss, Max Loss, High Level:* Loss, Max Loss, 
f e e t  % / f t  % f e e t  % / f t  % 
Camping No l o s s  No l o s s  
Picnicking No loss  No loss  
Swimming 589 5 5 0 60 3 8.3 70 
Boating 585 25 100 61 0 8.3 3 9 
Skiing 585 25 100 61 0 8.3 39 
Fishing 5 85 15 75 61 0 5 7 5 
Hunting 589 10 100 60 2 3.5 9 5 
* Lowest lake level  below which recreat ional  damage occurs. 
** Highest lake level  above which recreat ional  damage occurs. 
4.3.4 Pr io r i t y  between Flood Control and Recreation 
Although the damage t o  agr icu l tu re ,  property, and rec rea t ion ,  i n  
monetary terms, should not be the so l e  c r i t e r i on  i n  evaluating a  reser-  
voir ' s  performance, i t  provides a  convenient s t a r t i n g  basis  fo r  building a  
basic mathematical model. Other operation c r i t e r i a  may l a t e r  be 
incorporated i n to  the basic model i n  fu r the r  analysis  of the  reservoir  
system. I t  is hard t o  perceive the  r e l a t i ve  weights of the various 
damages d i r ec t l y  from the  information provided i n  Tables 4.3-4.5. With a  
l i t t l e  ari thmetic manipulation of the same data important ins ights  can be 
obtained as t o  how the  system may respond under hydrologic uncertainty. 
Figures 4 . 4  ( a ,  b, and c )  show the  damage costs  as functions of the 
s torage l eve l s  i n  the  lake ,  and of the  re lease  r a t e s  downstream from the 
dam. The summer season for  agr icu l tu ra l  a c t i v i t i e s  extends from May t o  
October; whereas the summer season for  recreation a c t i v i t i e s  begins in  May 
and l a s t s  un t i l  September. The curves a r e  plotted a t  se lected d i sc re te  
storage and re lease  l eve l s  which w i l l  be used i n  the  following s tochas t i c  
dynamic model. I t  can be seen from Fig. 4.4(a)  t ha t  i n  the  summer the 
potent ia l  recreation damages cause the  major concerns i n  reservoir  opera- 
t i o n  i f  the lake level  drops too low. On the other hand, both agricul-  
t u r a l  and recreat ion damages have roughly the  same influence on the  
control  of high lake l eve l s .  The r e l a t i ve  importance of recreat ion 
damages var ies  i n  time. I n  winter, although the  recreat ion a c t i v i t i e s  
decrease s i gn i f i c an t l y ,  the damages t o  those a c t i v i t i e s  a r e  s t i l l  the 
prevail ing f ac to r s  for  overal l  lake control.  Property damage is on a l l  
accounts minimal as compared t o  damages t o  agr icu l tu ra l  and recreat ion 
a c t i v i t i e s .  A public which is properly informed about the  flood control 
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Figure 4 . 4  Flood Damages and Recreation Losses as Functions of Lake 
Levels and Releases a t  Lake Shelbyvil le  f o r  Upstream and 
Downstream Reaches, and f o r  Summer and Winter Periods; P = 
Property, A = Agriculture,  RL = Lower L i m i t  on Recreation, 
RM = Mean f o r  Recreation, and R U  = Upper L i m i t  on Recreation. 
zones both within and below the  lake areas could reduce the  potential  
property damage by not building permanent f  a c i l  i t i e s  i n  t h i s  region. 
The channel capacity downstream from Lake Shelbyvil le  is 1,800 c f s .  
For flows greater  than 1,800 c f s ,  most of the agr icul tura l  lands along 
the Kaskaskia River Valley a re  quickly flooded due t o  the  m i l d  t ransverse 
slope of the f loodplain,  which r e s u l t s  i n  roughly uniform increases i n  the 
agr icu l tu ra l  damage as the  flow increases. Since the Kaskaskia River 
Valley is mostly a  geomorphologically depressed area  r e l a t i ve  t o  the 
neighboring higher agr icu l tu ra l  lands,  the  flood flows would be mostly 
confined within the  valley. T h i s  explains the decreasing r a t e  of agricul- 
t u r a l  losses  as the  flow increases above 4,500 c f s  (Fig. 4 . 4 ( c ) ) .  
From the damage curves i n  Figs.  4.4(a, b,  and c ) ,  i t  can be inferred 
t ha t  the best s torage l eve l s  a t  Lake Shelbyvil le  should l i e  somewhere 
between 589.0 f t  and 602.0 f t ,  a  range i n  which no damage would occur. In 
addi t ion,  the  des i rable  summer and winter pools might not s t ay  a t  f ixed 
l eve l s  due t o  large seasonal var ia t ion of the upstream inflows. The 
current  summer pool t a rge t  of 599.7 f t  might be a  l i t t l e  b i t  too high, 
when judging from the flood damages and recreat ion losses ,  s ince  choosing 
a  lower summer pool t a rge t  would reduce the  r i s k  of reaching e i the r  high 
storage l eve l s  or high downstream re leases .  
I n  the  following sec t ions ,  a  s tochast ic  dynamic programming model is 
used t o  explore the t radeoffs  of storages between the  summer and the 
winter seasons, as well as the  t radeoffs  of damages between the upstream 
and the downstream reaches, i n  the  Lake Shelbyvil le  area. A penalty 
function approach is adopted t o  account fo r  operation c r i t e r i a  not commen- 
s u r a t e  i n  u n i t s  w i t h  t h e  economic measures  used  i n  t h e  o b j e c t i v e  f u n c t i o n .  
C e r t a i n  unmodeled i s s u e s  a r e  d i s c u s s e d  based  on t h e  mode l ing  r e s u l t s .  
4.4 Stochastic Dynamic Programming 
4.4.1 P a r t i t i o n s  of I n f l o w  and Storage States 
The d e f i n i t i o n  o f  d i s c r e t e  i n f l o w s  as d i s c u s s e d  i n  Sec .  3 .2 .1 .2  and 
i l l u s t r a t e d  i n  F i g .  3.2 i s  used  f o r  p a r t i t i o n i n g  t h e  monthly  r u n o f f s  i n t o  
Lake  S h e l b y v i l l e .  The monthly  i n f l o w s  can  be assumed t o  be l o g n o r m a l l y  
d i s t r i b u t e d  based  on  t h e  Kolmogorov-Smirnov t e s t  a t  a 95% c o n f i d e n c e  
l e v e l .  The lower  limits of t h e  monthly  f l o w s  are assumed z e r o ;  w h i l e  t h e  
i n f o r m a t i o n  a b o u t  t h e  upper limits is p r o v i d e d  by S i n g h  (1977,  p .  46) 
t h r o u g h  e l a b o r a t e  a n a l y s e s  of  t h e  v a r i o u s  p h y s i c a l  , m e t e o r o l o g i c a l ,  and 
h y d r o l o g i c  c h a r a c t e r i s t i c s  of  t h e  Upper Kaskask ia  R i v e r  B a s i n .  The f l o w  
s t a t e  i nc remen t  o r  c l a s s  i n t e r v a l  of  a l l  months i s  t a k e n  t o  be 35 ,000  
a c - f t ,  which is o f  rough ly  t h e  same o r d e r  o f  magni t u d e  as t h e  s t o r a g e  
i n c r e m e n t s  d e f i n e d  l a t e r  i n  t h i s  s e c t i o n .  The i n f l o w  s t a t i s t i c s  and  s t a t e  
p a r t i t i o n s  a r e  summarized i n  T a b l e  4.6. 
Column ( 1 )  l is ts  t h e  e s t i m a t e d  p r o b a b l e  maximum i n f l o w s  f o r  1 2  
months ,  which were d e r i v e d  from t h e  r e s p e c t i v e  p r o b a b l e  maximum p r e c i p i t a -  
t i o n s  i n  t h e  Upper Kaskaskia R i v e r  B a s i n ,  and t h e n  a d j u s t e d  by t h e  p r o p e r  
b a s i n  f r a c t i o n  i n d i c e s  ( S i n g h ,  1 9 7 7 ) .  Column ( 2 )  c o n t a i n s  t h e  r e c o r d e d  
maximum i n f l o w s  between 1941 and 1982 a t  S h e l b y v i l l e .  The f l o w s  i n  
Columns ( 1 )  and ( 2 )  are  e x p r e s s e d  i n  c fs -month ,  r e p r e s e n t i n g  t h e  t o t a l  
f l o w  volume accumula t ed  i n  a month a t  t h e  i n d i c a t e d  mean f low r a t e  i n  c f s .  
The r e c o r d e d  maxima i n  months of  l ower  i n f l o w s  (Ju ly-December)  i n  t h e  
42-year  p e r i o d  d e v i a t e  r e l a t i v e l y  f a r t h e r  from t h e i r  e s t i m a t e d  maximum 
Table 4.6 S t a t i s t i c s  and P a r t i t i o n s  of Upstream Inflows of Lake Shelby- 
v i l l e  f o r  Use i n  t h e  S tochas t i c  Dynamic Programming Model. 
Probable Recorded Maximum Logarithm of inflows* Number 
Month Maximum Maximum Disc re t e  of 
I nf 1 ow r ~ n f l o w r *  ~ n f l o w ,  s t a t e s***  
cf s-month cf s-month ac-f t Mean Stan.  Corr. 
Dev. 
Oct 7,400 
Nov 7,700 
Dec 7,900 
Jan  9,700 
Feb 8,400 
Mar 8,000 
Apr 10,800 
May 12,400 
Jun 12,200 
Jul 9,000 
Aug 6,100 
Sep 3,700 
* Data taken f r o m s i n g h  (1977, Table 26) .  
** Based on monthly flow record  i n  1941-1982; number i n  parentheses  
r ep re sen t s  the  year when t h e  maximum was recorded. 
*** S t a t e  increment = 35,000 a c - f t .  
Adjusted f o r  l a k e  s to rage  e f f e c t s .  
probable values, which could be due t o  the generally higher skewness of 
the inflow dis t r ibut ions  during t h i s  period. The h i s to r ica l  monthly 
maxima were recorded ra ther  randomly through the years, w i t h  a  tendency of 
occurring more frequent1 y i n  wet years. Moreover , the recorded maximum 
monthly inflows a r e  mostly much la rger  than the  maximum non-damaging r a t e ,  
1,800 c f s ,  which indicates the importance of the flood protection function 
provided by Lake Shelbyvil le.  
The maximum discre te  inflows were chosen t o  be multiples of the 
s t a t e  increment, 35,000 ac - f t ,  i n  the neighborhood of the  respective 
probable maximum inflows. Column (7)  gives the number of s t a t e s  par t i -  
tioned for  each month, w i t h  the c lass  mark defined t o  be the center of 
each c lass  in te rva l .  The Markov t r ans i t i on  probabil i ty matrix between 
inflows of each of the 1 2  pairs of adjoining operation periods was e s t i -  
mated by the technique discussed i n  Sec. 3.2.1.3; and the flow s t a t i s t i c s  
were calculated based on the 1941 -1 982 record. 
The e f fec t ive  storage space of Lake Shelbyvil le,  t o t a l i ng  654,000 
ac - f t ,  consists  of the  joint-use pool and the  flood control pool between 
573.0 f t  and 626.5 f t  (Fig. 4.2). When the lake l eve l  is below the top of . 
the  flood control pool, 626.5 f t ,  the  outflow up t o  4,500 c f s  is released 
through the two s lu i ce  gates a t  the bottom of the dam. However, the 
s lu ice  gates are  closed completely as the lake level  r i s e s  above the  flood 
control pool; and control of the re lease  is taken over by the t a in t e r  
gates. A surcharge pool iq  then created. Although the surcharge pool 
adds up t o  351,000 ac-f t  of extra  storage space t o  the l ake ,  tha t  storage 
may not ex i s t  for  a long time because the  regulation requires the  lake t o  
level  be lowered as  quickly as possible whenever the lake is above 626.5 
f t  (Corps of Engineers, 1983a). The spillway can discharge a  maximum of 
121,000 c f s  which is a t  l e a s t  10 times the probable maximum inflow of any 
month a t  Lake Shelbyville. Thus, it can be reasonably assumed tha t  
although the surcharge storage may e x i s t  temporarily, i t  is p rac t i ca l ly  
i r re levant  t o  the normal operation of the  reservoir  system and can be 
excluded from consideration i n  the reservoir  model. 
The pa r t i t i on  of the  e f f ec t i ve  storage i n  Lake Shelbyvil le  is 
i l l u s t r a t e d  i n  Table 4.7. Twenty storage s t a t e s  a r e  considered, including 
t he  two extreme s t a t e s  of emptiness and fu l lness  wi th  zero c lass  in ter-  
vals .  The s t a t e  boundaries and the s t a t e  marks a re  expressed i n  
elevations fo r  easy comprehension of the  re la t ionsh ip  between the  s t a t e s  
and the  crucia l  control l eve l s  of the lake.  The storage s t a t e s  a r e  
defined i n  such a  way t ha t  the  s t a t e  in tervals  a r e  of the  same order of 
magnitude as the increment of the inflow s t a t e s .  According t o  the discus- 
s ions  i n  Sec. 3.3.2, the pa r t i t ions  of the  inflow and s torage s t a t e s  f o r  
the Lake Shelbyvil le  sys t em should yie ld  s t a b l e  r e s u l t s  from the d i sc re te  
optimization model. 
4.4.2 Basic Model Formulation 
The reservoir  model developed herein fo r  the Lake Shelbyvil le  system 
para l l e l s  closely t ha t  f o r  the hypothetical reservoir  s y s t e m  previously 
presented i n  Sec. 3.2.2.1 . The optimal operation policy is determined 
so le ly  by the  recursive equation shown i n  Eq. 4.1 t o  minimize the 
long-term damage t o  t h i s  reservoir  system. No other re lease  and storage 
const ra ints  a re  considered i n  the  model. For the  Lake Shelbyvil le  system, 
a  year i s  divided i n to  12 monthly operation periods. Let C i m j t  be the 
damage cost  tha t  accrues i n  time period t ,  which is associated w i t h  the 
Table  4.7 P a r t i t i o n  of E f f e c t i v e  S to r age  Space i n  Lake S h e l b y v i l l e  f o r  
Use i n  t h e  S t o c h a s t i c  Dynamic Programming Model. 
S t a t e  Number S t a t e  Boundary S t a t e  Mark  S t a t e  I n t e r v a l  
( E l e v a t i o n ,  f t )  ( E l e v a t i o n ,  f t )  (Volume, a c - f t )  
- - 
5 73 
1 573 0 
5 73 
2 576.5 26,400 
5 80 
3 582.5 26,700 
5 85 
4 587.5 34,300 
5 90 
5 591 .25 20,300 
592.5 
6 593.75 22,300 
5 95 
7 596.25 24,500 
597.5 
8 598.6 23,400 
599.7 
9 601.1 32,500 
602.5 
10  603.75 31 ,900 
605 
1 1  606.25 34,900 
607.5 
12 608.75 37,900 
61 0 
13  61 1.25 41 ,100 
61 2.5 
14 61 3.75 44,100 
61 5 
15 61 6.25 47,200 
61 7.5 
16 61 8.75 50,300 
620 
17 621.25 53,900 
622.5 
18 623.75 57,900 
62 5 
19 625.75 36,800 
626.5 
2 0 626.5 0 
626.5 
* Sto rage  ( S ,  a c - f t )  expressed  a s  a f u n c t i o n  of pool e l e v a t i o n  ( H ,  f t ) :  
S = 1 . 2 8 3 ~ 3  - 21 0 5 . 6 7 7 5 ~ ~  + 1 1  52441.635H - 21 03381 84.5 
i n i t i a l  storage S i t ,  the inflow Qmt ,  and the f i n a l  storage S j  , t + l .  Then, 
the minimum expected damage f z ( i , m )  t o  the system w i t h  only T periods 
remaining can be determined by the  following recursive equation: 
t T - 1  f:(i,m) = minimum [Cim.jt + EPmnft+l ( j  , n ) ]  
for  a l l  i ,m, t ;  j feas ib le  ( 4 . 1 )  
t i n  which Pmn is the t r ans i t i on  probabil i ty of the d i sc re te  inflows chang- 
ing from Qmt t o  Qn , t+ l  i n  successive periods. In Eq. 4.1, f:(i,m) is  
determined by f inding the  f i n a l  storage s t a t e ( s )  which minimizes the sum 
of the current damage and the expected t o t a l  damage i n  the  future  T-1 
operation periods. The optimization procedure expressed by Eq. 4 .1  s t a r t s  
a t  some time i n  the remote fu ture ,  and proceeds backward through a f i n i t e  
number of periods un t i l  the  optimal storage decisions of any period in  a 
year become invariant  for two consecutive years. The f i n a l  storage 
s t a t e ( s )  so  determined represent the optimal steady-state operation policy 
for  any feas ib le  combination of S i t  and Qmt i n  period t .  
The damage cost  C i m j t  incurred i n  a ce r ta in  time period, as implied 
by t he  s t a t e  indices i ,  m ,  and j ,  is a function of the  i n i t i a l  s torage,  
the inflow, and the f i n a l  storage. Essential ly,  C i m j t  comprises f i ve  
r d i s t i nc t  components: the recreat ion l o s s ,  Cimjt, the agr icul tura l  losses  
a u ad i n  both the  upstream and the downstream reaches, Ciat  and C i m j t ,  and the 
P d property losses i n  these two reaches, ~ f : ~  and C l m j t  Thus, Eq. 4.1 can 
be wri t ten  more exp l i c i t l y  as 
T r  a u ad f i m  = minimum LCimjt  + C i m j t  + C i m j t  + c f i j t  + c f S t  
j' 
t T - 1  
+ Z P m n f t + l  ( j  , n ) l  
n for a l l  i ,m, t ;  j f e a s ib l e  ( 4 . 2 )  
A s  discussed i n  Secs. 4.3.2-4.3.4, each of the  f i ve  damage components is 
expressed as a function of e i ther  the lake level  ( thus the lake s torage)  
or the downstream re lease ,  which are  re la ted via the  following mass 
balance equation: 
R i m j t  = S i t  + ht - s j , t + l  - E i j t ( S i t ,  s j , t + l )  (4.3) 
i n  which R i m j t  is a feas ib le  re lease  i n  ac-f t .  E i j t  is the t o t a l  evapora- 
t i on  l o s s  i n  period t ,  which is assumed t o  be a function of only the 
i n i t i a l  and the f i n a l  storages and is defined by 
Because a l l  of the  terms on the right-hand s ide  of Eq. 4.3 take on only 
d i sc re te  values, only a f i n i t e  number of values may be obtained for  R i m j t .  
The recreation damage in  each month is calculated from decreases i n  
the number of v i s i t o r s  and t h e i r  expected expenditures i n  the lake area 
due t o  the unfavorable lake conditions i n  comparison t o  normal recreation 
a c t i v i t y  l eve l s .  The lake level  is assumed t o  increase or decrease 
l i nea r ly  i n  time for  d i f ferent  i n i t i a l  and f i n a l  storage s t a t e s  within an 
operation period. Thus the percent loss  of v i s i t o r s ,  i f  any, is consider- 
ed time-dependent and should be computed as such. A schematic representa- 
t i o n  of the evaluation of the recreation losses  i n  the  recursive equation 
is  provided i n  Fig. 4.5. 
According t o  the loss  information contained i n  Table 4.5, the lake 
level  can be divided in to  f i v e  mutually ekclusive zones, each of which 
involves a d i f fe ren t  way for  estimating the  recreat ion damage. Taking 
boating a c t i v i t y  as an example, the  f i ve  zones a r e  separated by the  four 
No Loss 
Figure 4.5 Schematic Representat ion of Evaluat ing the  Recreat ion Losses 
i n  t h e  Recursive Equation (Eq. 4 . 1 )  Using Boating Ac t iv i ty  a s  
an Example. 
l e v e l s  of 581.0 f t ,  585.0 f t ,  610.0 f t ,  and 614.7 f t .  For  a  l a k e  l e v e l  
below 581 .0  f t ,  a l l  b o a t i n g  a c t i v i t y  c e a s e s ;  and t h e  l o s s  of b o a t e r s  i s  
100%. For  t h e  r a n g e  of 581 .O-585.0 f t ,  t h e  p e r c e n t  l o s s  of v i s i t o r s  is a n  
i n v e r s e  l i n e a r  f u n c t i o n  of t h e  i n c r e a s i n g  l a k e  l e v e l .  No l o s s  of v i s i t o r s  
i s  i n c u r r e d  f o r  a  l a k e  l e v e l  between 585.0 f t  and 610.0 f t .  The l o s s  of 
v i s i t o r s  i n c r e a s e s  l i n e a r l y  from 0% t o  39% a s  t h e  l a k e  l e v e l  r i s e s  from 
610.0 f t  t o  614.7 f t .  Beyond 614.7 f t ,  t h e  l o s s  of v i s i t o r s  s t a y s  a t  t h e  
maximum 39%. 
For each  p l o t  i n  F i g .  4.5, t h e  v e r t i c a l  a x i s  shows t h e  l a k e  e l e v a -  
t i o n ;  and t h e  h o r i z o n t a l  a x i s  r e p r e s e n t s  t h e  t i m e  s p a n  of one  month. 
There  a r e  52 d i s t i n c t  combinat ions  of t h e  i n i t i a l  and t h e  f i n a l  s t o r a g e  
s t a t e s  ( o r  l a k e  l e v e l s ) ,  from which v a r i o u s  p a t t e r n s  of t h e  l o s s e s  i n  t ime 
a r e  d i s p l a y e d .  I n  each p l o t  t h e  shaded a r e a s ,  a f t e r  be ing  m u l t i p l i e d  by 
t h e  p roper  l o s s  r a t e s  (25% and 8 .3% per  f o o t  of change i n  l a k e  l e v e l  f o r  
t h e  d a r k e r  a r e a  and t h e  l i g h t e r  a r e a ,  r e s p e c t i v e l y )  and summed, equa l  t h e  
p e r c e n t  l o s s  of expec ted  v i s i t o r s  i n  a  month. M u l t i p l y i n g  t h i s  p e r c e n t  
l o s s  by t h e  t o t a l  v i s i t o r s  i n  t h a t  month and by t h e  expec ted  i n d i v i d u a l  
e x p e n d i t u r e  ($1.50 per  v i s i t o r )  y i e l d s  t h e  damage t o  b o a t i n g  a c t i v i t y  i n  
t h e  month due t o  t h e  change of t h e  l a k e  l e v e l .  I t  is assumed t h a t  v i s i -  
t o r s  t o  t h e  l a k e  a r e a  a r e  un i fo rmly  d i s t r i b u t e d  w i t h i n  a  month. Recrea- 
t i o n  l o s s e s  on swimming, s k i i n g ,  f i s h i n g ,  and h u n t i n g  a c t i v i t i e s  can be 
e v a l u a t e d  i n  a  s i m i l a r  manner excep t  t h a t  t h e  f i v e  l a k e  zones may be 
d e f i n e d  d i f f e r e n t l y  f o r  each a c t i v i t y .  There  is no l o s s  a s s o c i a t e d  w i t h  
e i t h e r  camping o r  p i c n i c k i n g  a t  any l a k e  l e v e l ;  and t h e  t o t a l  r e c r e a t i o n  
l o s s  accumulated i n  'a month i s  s imply  t h e  a r i t h m e t i c  sum of t h o s e  l o s s e s  
p e r t a i n i n g  t o  swimming, b o a t i n g ,  s k i i n g ,  f i s h i n g ,  and h u n t i n g .  
The above method f o r  computing r e c r e a t i o n  damage is cons ide red  
a p p l i c a b l e  t o  any month i n  a y e a r ,  and  independent  of t h e  r e c r e a t i o n  
a c t i v i t i e s  b e f o r e  o r  a f t e r  t h e  c u r r e n t  o p e r a t i o n  pe r iod .  T h i s  is because  
t h e  damage is counted o n  t h e  b a s i s  of l o s s  of t h e  expec ted  d a i l y  expendi-  
t u r e s  of i n d i v i d u a l  v i s i t o r s  t o  t h e  l a k e  a r e a .  I n  a d d i t i o n ,  t h e  l o s s  of 
v i s i t o r s  on a c e r t a i n  day can be r e a s o n a b l y  assumed t o  be a f u n c t i o n  o f  
t h e  l a k e  l e v e l  o n l y ,  and t o  be u n r e l a t e d  t o  t h e  number of v i s i t o r s  i n  t h e  
p rev ious  days .  
4 4 3  Modification for Unrepeatable Damages 
I n  e v a l u a t i n g  a g r i c u l t u r a l  and p r o p e r t y  damages, c a r e  shou ld  be 
e x e r c i s e d  i n  d e f i n i n g  t h e  r e c u r s i v e  e q u a t i o n  s o  t h a t  t h e s e  damages a r e  n o t  
o v e r e s t i m a t e d .  Consider  t h e  f o l l o w i n g  example i n  which t h e  pool r i s e s  
above t h e  damage l e v e l  of  610.0 f t  t o  615.0 f t  d u r i n g  t h e  t h i r d  month o f  
t h e  c u r r e n t  crop-growing season .  The a g r i c u l t u r a l  damage i n  t h i s  month 
would be e s t i m a t e d  from t h e  l o s s  of d i r e c t  p r o d u c t i o n  inves tment  and t h e  
l o s s  of  income of t h e  c r o p s  i n  t h e  f l o o d e d  a r e a .  If i n  t h e  remain ing  
growing s e a s o n  t h e  pool s t a y s  below 615.0 f t ,  no a d d i t i o n a l  c r o p l a n d  would 
be f looded ;  and t h e  t o t a l  a g r i c u l t u r a l  damage i n  t h e  upstream a r e a  would 
e q u a l  t h a t  acc rued  i n  t h e  t h i r d  month o n l y .  On t h e  o t h e r  hand, s h o u l d  t h e  
pool r i s e  f u r t h e r  above 61 5.0 f t  a t  any time d u r i n g  t h e  remain ing  growing 
s e a s o n ,  e x t r a  c r o p  damage would be added,  b u t  o n l y  f o r  t h e  a d d i t i o n a l  
c r o p l a n d  f l o o d e d  above 615.0 f t .  I n  o t h e r  words,  n e i t h e r  a g r i c u l t u r a l  nor  
p r o p e r t y  damages can be counted more t h a n  once f o r  t h e  same f l o o d e d  a r e a  
w i t h i n  a growing season .  The damages t o  t h e  downstream c r o p l a n d  s h o u l d  be 
e v a l u a t e d  i n  a s i m i l a r  way by c o n s i d e r i n g  t h e  r e l e a s e s  i n  d i f f e r e n t  months 
of t h e  growing season .  The s t o r a g e  and r e l e a s e  t h r e s h o l d s  f o r  i n c u r r i n g  
proper ty  damages i n  both reaches  a r e  t h e  same a s  t h o s e  f o r  t h e  a g r i c u l -  
t u r a l  l o s s e s .  
Because t h e  t y p i c a l  r e c u r s i v e  equa t ion  d e f i n e d  i n  s t o c h a s t i c  dynamic 
programming ( E q .  4.2) does not cons ider  t h e  e f f e c t s  of t h e  previous  
s t o r a g e  o r  r e l e a s e  c o n d i t i o n s  i n  t h e  c a l c u l a t i o n  of t h e  c u r r e n t  a g r i c u l -  
t u r a l  or  p roper ty  l o s s e s ,  t h e  a g r i c u l t u r a l  damage might very wel l  be 
overes t imated .  S ince  i t  has  been assumed p r e v i o u s l y  t h a t  t h e  pool would 
i n c r e a s e  o r  decrease  uniformly wi th  t ime  i n  each  month, t h e  l a k e  would 
reach t h e  h i g h e s t  l e v e l  a t  e i t h e r  t h e  beginning o r  t h e  end of t h a t  month. 
For c o n s i s t e n c y  i n  t h e  backward o p t i m i z a t i o n  procedure ,  t h e  a g r i c u l t u r a l  
damage is assumed t o  be e v a l u a t e d  a t  t h e  end of each month i n  t h e  growing 
season.  
Method I i n  F ig .  4.6 shows t h a t  us ing  t h e  t y p i c a l  r e c u r s i v e  equa- 
t i o n ,  t h e  c rop  damages would be counted f o r  l a k e  l e v e l s  above 610.0 f t  
( i n d i c a t e d  by t h e  black b a r )  d u r i n g  t h a t  month. Sane of t h e  a g r i c u l t u r a l  
damages would be d u p l i c a t e d  i f  t h e  l a k e  l e v e l  would s t a y  above 610.0 f t  
f o r  more than  one month i n  t h e  growing season .  T h i s  would l e a d  t o  an 
o v e r e s t i m a t e  of t h e  expec ted  a g r i c u l t u r a l  damage i n  t h e  l o n g  run.  To 
r e s o l v e  t h i s  problem, a n  improved approach can be used.  
A s  demonstrated by Method I I ( e  & f )  i n  Fig .  4.6, t h e  a g r i c u l t u r a l  
damage would be c a l c u l a t e d  o n l y  f o r  a r e a s  which have no t  been f looded  i n  
t h e  immediately p rev ious  month. When t r a n s l a t e d  t o  t h e  r e c u r s i v e  e q u a t i o n  
i n  backward o p t i m i z a t i o n ,  t h i s  concept would invo lve  adding a  nonposi t i v e  
c o r r e c t i o n  term t o  t h e  corresponding c u r r e n t  damage i n  Eq. 4.2. I n  case  
of  ( a ) ,  ( b ) ,  ( c ) ,  or' ( d ) ,  t h e  r e c u r s i v e  e q u a t i o n  shou ld  be i d e n t i c a l  f o r  
both  Method I and 11 ;  and no m o d i f i c a t i o n  would be necessa ry .  When t h e  
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Figure 4.6 Estimation of the  Upstream Agricultural and Property Damages: 
Method I -- Damage Independent of the Conditions i n  Previous 
Months; 
Method I1 -- Damage Calculated O n l y  fo r  the Additional Flooded 
Area Caused by Lake Level Higher Than i n  the 
Previous Month. 
l a k e  exceeds  t h e  damage l e v e l  i n  two consecu t ive  months, t h e  damage which 
had been counted i n  t h e  l a t e r  month i n  t h e  backward o p t i m i z a t i o n  procedure  
shou ld  be deducted complete ly  o r  p a r t i a l l y  f o r  t h e  r a n g e  of l a k e  l e v e l s  
r e p r e s e n t e d  by t h e  w h i t e  b a r s  i n  Method I I ( e  & f  1, r e s p e c t i v e l y .  
For each combination of S i t ,  Qmt, and S j , t + l ,  t h e r e  a r e  N inf low 
s t a t e s ,  Q n , t + l ,  i n  month t + l  t o  be cons ide red  i n  o r d e r  t o  weigh t h e  damage 
c o r r e c t i o n s  p r o p e r l y  i n  month t accord ing  t o  t h e  l i k e l i h o o d  of Q n , t + l  
a  u  
o c c u r r i n g .  The damage C i a t  i n  Eq. 4.2 (and s i m i l a r l y  f o r  c f Z t )  shou ld  
be r e p l a c e d  by t h e  modif ied  damage Df i j  a s  
f o r  a l l  i , m , t ;  j f e a s i b l e  (4 .5 )  
au  i n  which c i m j n k , t , t + l  is t h e  damage c o r r e c t i o n .  Note t h a t  i n  backward 
o p t i m i z a t i o n ,  S k , t + 2  is a  known s t a t e  a s  a  f u n c t i o n  of S j , t + l  and Q n , t + l .  
I n c o r p o r a t i n g  Eq. 4.5 i n t o  t h e  computer code invo lves  o n l y  t h e  comparison 
of S j  , t + l  and S k , t + 2 ,  and t h e  corresponding damage c o r r e c t i o n ,  which can 
be e a s i l y  accomplished wi thout  major i n c r e a s e  of computing t ime and memory 
requ i rements .  The same concept of damage c o r r e c t i o n  can be a p p l i e d  t o  t h e  
e v a l u a t i o n  of downstream a g r i c u l t u r a l  and p r o p e r t y  l o s s e s ,  w i t h  t h e  damage 
t h r e s h o l d  being t h e  r e l e a s e  of 1,800 c f s .  
These damage c o r r e c t i o n s  f o r  a g r i c u l t u r a l  and p r o p e r t y  l o s s e s  a r e  
a p p r o p r i a t e  based on two assumptions.  F i r s t ,  t h e  l a k e  l e v e l  does not  
exceed t h e  damage t h r e s h o l d  (610.0 f t )  f o r  c rop  l o s s e s  i n  more t h a n  two 
consecu t ive  months i n  t h e  growing season ;  nor more than  2  consecu t ive  
months i n  a  year  f o r  p r o p e r t y  l o s s e s .  Second, i n  t h e s e  p e r i o d s  t h e  l a k e  
does not  r i s e  beyond 610.0 f t  a t  two o r  more d i s j o i n t  months. Given t h e  
r e l a t i ve ly  l a rge  storage capacity of Lake Shelbyvil le,  and the  expected 
normal pool level  f a r  below 61 0.0 f t ,  i t  is  believed t ha t  the  above 
assumptions are  a reasonable approximation of r e a l i t y .  To assure the 
adequacy of t h i s  asser t ion,  however, i n  the  ensuing sec t  ions the optimiza- 
t i on  r e s u l t  from a more elaborate modification of the damage function 
(Method I11 shown i n  Fig. 4.7) i s  compared t o  tha t  from Method 11. Using 
Method 111, the current damage is corrected according t o  a l l  possible lake 
level  combinations i n  the  next two months, ra ther  than those only i n  the 
immediate next month as represented by Method 11. I t  can be observed from 
Fig. 4.7 t ha t  except fo r  (1) and ( 0 1 ,  the damage correction for  16 of the 
18 scenarios of Method I11 is properly accounted fo r  by simply adopting 
Method 11. The probabil i ty of each of the remaining two cases occurring 
is extremely small s o  tha t  the  overestimation of damages i n  these two 
cases would contribute an ins ignif icant  e f fec t  t o  the resu l t ing  optimal 
operation policy and the  long-term expected performance of a s ing le  
reservoir  system. 
For a complicated reservoir  model w i t h  many inflow and storage 
s t a t e s ,  using Method I11 s ign i f ican t ly  increases the computation time 
as compared t o  t ha t  using Method I1 since the  inflow combinations would 
be multiplied by t he  number of inflow s t a t e s  of the addit ional  month 
considered fo r  the damage correction. A s  a general approach, the  magni- 
tude of the expected e r ro r s  i n  damage estimation fo r  cases (1) and (0 )  i n  
Fig. 4.7 should be calculated.  I f  those e r rors  a re  minimal as compared t o  
other damages, simply using Method I1 would be adequate. Otherwise, the  
more elaborate Method I11 should be used. 
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Figure 4.7 Estimation of the  Upstream Agricultural and Property Damages: 
Method I11 -- Damage Calculated Only fo r  the Additional 
Flooded Area Caused by Lake Level Higher Than i n  
the Previous Two Months. 
4.5 Analysis 
The s t o c h a s t i c  dynamic programming model f o r  t h e  Lake She1 b y v i l l e  
system was constructed based on the  1941-1982 inflow record.  The 
e f f e c t i v e  s t o r a g e  capaci ty  of t he  system is considered t o  cons i s t  of the  
jo in t -use  s to rage  and t h e  f lood con t ro l  s torage .  A maximum f lood cont ro l  
r e l e a s e  of 1,800 c f s  is enforced when t h e  l ake  l e v e l  is below 610.0 f t  i n  
t h e  crop-growing season from May t o  October. This  maximum al lowable 
r e l e a s e  i s  r a i sed  l i n e a r l y  t o  4,500 c f s  a s  the  l a k e  l e v e l  r i s e s  from 610.0 
f t  t o  626.5 f t .  No r e l e a s e  is allowed t o  exceed 4,500 c f s  f o r  l a k e  l e v e l s  
below 626.5 f t .  Only t h e  economic l o s s e s  which can be est imated i n  
monetary terms a r e  included i n  the  o b j e c t i v e  funct ion.  The t h r e e  d i f f e r -  
en t  ways of dea l ing  wi th  t h e  a g r i c u l t u r a l  and property l o s s e s  i n  t h e  
backward minimization procedure a r e  f i r s t  compared based on t h e  r e spec t ive  
modeling r e s u l t s .  This  provides a  means t o  determine t h e  most e f f i c i e n t  
way t o  model t h e  unrepeatable damages f o r  t h e  Lake She lbyv i l l e  system. 
The backward minimization was s t a r t e d  i n  December; and i t  took 16 
i t e r a t i o n s  of t h e  backward sea rch  t o  f i n d  t h e  optimal s t eady- s t a t e  opera- 
t i o n  po l i cy ,  r ega rd le s s  of t he  method used f o r  es t imat ing  t h e  unrepeatable 
damages. This  r a t e  of convergence t o  t h e  optimal s o l u t i o n  is considered 
reasonably f a s t  s i n c e  a t  l e a s t  13 i t e r a t i o n s  of the  backward sea rch  must 
be completed t o  v e r i f y  t h e  s t a t e  of convergence. The expected t o t a l  
annual damage obtained a s  a  r e s u l t  of using Method I is $53,573, an 
overest imate by roughly 45% of t h e  t o t a l  damages of $36,983 o r  $36,979 
est imated r e s p e c t i v e l y  by Method I1 and 111. The monthly mean s to rage  
l e v e l s  (measured i n ' t h e  beginning of each month) and t h e  monthly expected 
damages c a l c u l a t e d  from t h e  o p t i m a l  r e s u l t s  a r e  p l o t t e d  i n  F ig .  4.8 based 
o n  t h e  t h r e e  methods .  
I t  is a p p a r e n t  t h a t  Method I g r e a t l y  o v e r e s t i m a t e d  t h e  month ly  
damages i n  t h e  b e g i n n i n g  months of t h e  c rop-growing s e a s o n .  T h i s  is 
because  major  s p r i n g  f l o o d s  a r e  l i k e l y  t o  keep e i t h e r  t h e  l a k e  l e v e l  above 
610.0 f t  o r  t h e  r e l e a s e  ra te  g r e a t e r  t h a n  1 , 8 0 0  c f s  f o r  t h i s  e x t e n d e d  
p e r i o d .  Because of  t h e s e  ove rwe igh ted  damages i n ,  t h e  o b j e c t i v e  f u n c t i o n ,  
t h e  s o l u t i o n  based  o n  Method I  t e n d s  t o  d r i v e  t h e  summer mean l a k e  l e v e l s  
l ower  t h a n  t h o s e  of Method I1 and 111. As a  r e s u l t ,  more s t o r a g e  s p a c e  
can  be s p a r e d  t o  h o l d  t h e  s p r i n g  f l o o d s  and  t o  r e d u c e  t h e  risks i n  
r e a c h i n g  h i g h  s t o r a g e  and r e l e a s e  l e v e l s .  I n  t h e  la ter  months of t h e  
c rop-growing s e a s o n ,  t h e  e x p e c t e d  damages c a l c u l a t e d  u s i n g  Methods I1 and 
I11 a r e  g r e a t e r  t h a n  t h o s e  e s t i m a t e d  u s i n g  Method I .  T h i s  is because  t h e  
mean s t o r a g e  l e v e l s  are h i g h e r  i n  t h e s e  months a s  a  r e s u l t  of u s i n g  
Methods I1 and 111. S i n c e  t h e  r e c r e a t i o n  l o s s e s  were  a d e q u a t e l y  e s t i m a t e d  
by a l l  me thods ,  t h e  month ly  damages c o n s i s t i n g  m o s t l y  of t h e  r e c r e a t i o n  
l o s s e s  would i n c r e a s e  as. t h e  l a k e  l e v e l  r i s e s .  T h e r e f o r e ,  u s i n g  Method I  
would n o t  o n l y  d i s t o r t  t h e  r e s u l t i n g  damage d i s t r i b u t i o n  b u t  a l s o  a f f e c t  
t h e  mean month ly  s t o r a g e  - l e v e l s .  
The d i f f e r e n c e s  between t h e  o p t i m a l  r e s u l t s  f rom Method I1 and 111, 
on  t h e  o t h e r  hand ,  a r e  found  t o  be  n e g l i g i b l e  on a l l  a c c o u n t s .  The CPU 
times f o r  t h e  models  r u n n i n g  o n  t h e  cybef  175 computer  a t  t h e  U n i v e r s i t y  
of  I l l i n o i s  were 13.41,  14 .52 ,  and 29.78 s e c o n d s ,  r e s p e c t i v e l y ,  f o r  t h e  
t h r e e  methods .  S i n c e  u s i n g  Method I1 f o r  e v a l u a t i n g  t h e  a g r i c u l t u r a l  and  
p r o p e r t y  damages d o e s  n o t  s i g n i f i c a n t l y  i n c r e a s e  t h e  mode l ' s  c o m p l e x i t y  
a n d  t h e  a s s o c i a t e d  compu ta t ion  e f f o r t ,  and  y i e l d s  a d e q u a t e  mode l ing  
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F i g u r e  4.8 Comparison of t h e  Opt imal  R e s u l t s  f rom Models Based on  Three  
D i f f e r e n t  Methods of E s t i m a t i n g  t h e  Unrepea tab le  Damages: 
I - Damage Independent  of t h e  C o n d i t i o n s  i n  P r e v i o u s  Months; 
I1 - Damage C a l c u l a t e d  Only f o r  t h e  A d d i t i o n a l  Flooded Area 
i n  t h e  Next Month; 
I11 - Damage C a l c u l a t e d  Only f o r  t h e  A d d i t i o n a l  Flooded Areas  
i n  t h e  Next two Months. 
r e s u l t s ,  i t  was a d o p t e d  f o r  t h e  d e t a i l e d  a n a l y s i s  of t h e  Lake S h e l b y v i l l e  
sys t em i n  t h e  f o l l o w i n g  s e c t i o n s .  
4.5.1 B a s i c  Results 
T a b l e  4.8 summarizes t h e  e x p e c t e d  per formance  o f  t h e  Lake Shelby-  
v i l l e  sys t em f o l l o w i n g  t h e  o p t i m a l  s t e a d y - s t a t e  o p e r a t i o n  p o l i c y .  A s  
e x p e c t e d ,  t h e  month ly  mean l a k e  l e v e l s  l i e  between 589.0  and 602.0 f t ,  
w i t h i n  which r a n g e  t h e  v a r i o u s  ups t ream darnages can  be a v o i d e d .  When t h e  
major  a g r i c u l t u r a l  and r e c r e a t i o n  a c t i v i t i e s  r ema in  dormant  from December 
t o  A p r i l ,  t h e  c o n c e r n  o f  i n c u r r i n g  ups t ream damage due t o  t h e  h i g h  l a k e  
l e v e l s  i s  minimal .  A s  a  r e s u l t ,  t h e  l a k e  s t a r t s  a c c u m u l a t i n g  t h e  exces -  
s i v e  w i n t e r  i n f l o w s  g r a d u a l l y  i n  o r d e r  t o  p r e v e n t  downstream p r o p e r t i e s  
from b e i n g  f l o o d e d ;  and  t h e  month ly  mean l a k e  l e v e l s  i n c r e a s e  s t e a d i l y  
d u r i n g  t h i s  p e r i o d .  The r i s i n g  t r e n d  o f  t h e  mean l a k e  l e v e l  is i n t e r r u p t -  
e d  i n  May when t h e  resumed a g r i c u l t u r a l  and r e c r e a t i o n  a c t i v i t i e s  a r e  more 
s e n s i t i v e  t o  b o t h  t h e  h i g h  l a k e  l e v e l s  and t h e  h i g h  r e l e a s e  r a t e s  t h a n  i n  
t h e  p r e c e d i n g  months.  By l o w e r i n g  t h e  l a k e  l e v e l  i n  t h i s  p e r i o d  more 
s t o r a g e  s p a c e  can be r e s e r v e d ;  and t h e  r i s k  of  r e a c h i n g  e i t h e r  a h i g h  l a k e  
l e v e l  o r  a h i g h  r e l e a s e  r a t e  may be r educed .  Except  f o r  t h e  sudden  d i p  of 
t h e  mean l a k e  l e v e l  i n  May, t h e  s p r i n g  f l o o d s  i n  A p r i l - J u n e  keep t h e  mean 
l a k e  l e v e l  r i s i n g  u n t i l  r e a c h i n g  t h e  peak i n  J u l y .  Then a p e r i o d  of 
d e c l i n e  i n  t h e  l a k e  l e v e l  starts due t o  s m a l l  i n f l o w s  t o  t h e  lake i n  t h e  
r e m a i n i n g  months. Thus ,  t h e  v a r i a t i o n  of  t h e  month ly  mean lake l e v e l s  is 
a f f e c t e d  m a i n l y  by t h e  e x p e c t e d  i n f l o w  volume and  t h e  r e l a t i v e  economic 
v a l u e s  of  t h e  v a r i o u s  a c t i v i t i e s  conduc ted  i n  e a c h  month. 
The mon th ly  l a k e  l e v e l  d i s t r i b u t i o n s  a r e  i n  g e n e r a l  h i g h l y  skewed 
toward  t h e  h i g h  v a l u e s .  S e v e r a l  s t a t i s t i c a l  measures  are l i s t e d  i n  T a b l e  
T a b l e  4.8 Expected System Performance of Lake S h e l b y v i l l e  Based upon t h e  
Optimal R e s u l t s  from t h e  S t o c h a s t i c  Dynamic Programming Model 
w i t h  t h e  Mean Summer Lake Leve l  Uncons t ra ined .  
Mean S t a n d a r d  D e v i a t i o n  Prob.  of Lake Leve l  Prob.  of R e l e a s e  
Month Lake of Lake L e v e l ,  f e e t  ------------------- G r e a t e r  Than 
Level* ------------------- Drop. R i s .  R i s .  ---------------- 
f e e t  ~ D L *  S D ~ *  SD** below above above 1,800 4,500 
590.0 599.7 610.0 c f s  c f s  
J a n  592.2 
Feb 592.4 
Mar 593.3 
Apr 594.7 
May 593.6 
J u n  594.2 
J u l  597.0 
Aug 594.9 
Sep  593.9 2.8616.29 6.94 .0026 .I121 .0505 .0009 0 
0 c t  593.2 2.13 17.72 5.97 .0025 .0880 .0378 .0007 0 
Nov 593.0 2.03 17.23 6.39 ,0024 .0627 .0393 .0660 0 
Dec 591.9 1.07 7.71 3.16 .0023 .0373 0 .0592 0 
* Mean l a k e  l e v e l  a t  t h e  beg inn ing  of t h e  i n d i c a t e d  month. 
** SDL: s t a n d a r d  d e v i a t i o n  o f  a l l  p o s s i b l e  lake l e v e l s  lower  t h a n  t h e  
monthly mean (Eq. 4.6). 
SDU: s t a n d a r d  d e v i a t i o n  of a l l  p o s s i b l e  l a k e  l e v e l s  h i g h e r  t h a n  t h e  
monthly mean (Eq. 4.8). 
SD: s t a n d a r d  d e v i a t i o n  o f  a l l  p o s s i b l e  l a k e  l e v e l s  a t  t h e  beg inn ing  
of t h e  i n d i c a t e d  month. 
Table 4.8 (Continued) 
Damage Dis t r ibut ion  Damage Dis t r ibut ion  Expected 
by Month, % by Category, % Monthly 
Month ------------------- ........................... Damage, 
Agri. Recr. Prop. Agri. Recr. Prop. Total do1 1 a r s  
J an 0 1.0 11.0 0 76.7 23.3 100.0 357 
Feb 0 0.9 6.1 0 84.2 15.8 100.0 289 
Mar 0 0.5 12.7 0 56.8 43.2 100.0 221 
A P ~  0 0.3 28.6 0 23.8 76.2 100.0 284 
May 3.7 0.3 0.1 79.7 20.1 0.2 100.0 432 
Jul 31.8 21.2 1.9 34.4 65.4 0.2 100.0 8,683 
Oct 5.1 3.0 0.5 37.7 62.0 0.3 100.0 1,300 
Nov 0 1.1 29.3 0 57.8 42.2 100.0 524 
Dec 0 0.8 4.2 0 86.5 13.5 100.0 233 
Total 
Damage, 
% 100.0 100.0 100.0 
Tot a1 
Damage, 
$/year 9,395 26,833 755 
4.8 t o  describe the variat ion of lake l eve l s  in  each month. F i r s t ,  two 
s t a t i s t i c s  SDL and SDU a re  introduced t o  describe the  average dispersion 
of the lake l eve l s  respectively below and above the  monthly mean. Let H n  
be the lake level  in  s t a t e  n and Pn be the  corresponding probabil i ty of 
occurrence* Then SDL and SDu can be calculated by 
i n  which fi is the mean; N is the t o t a l  number of storage (or  lake l e v e l )  
s t a t e s ;  and N' and N1+l a re  t he  s t a t e s  separated by  t he  mean. The cmmon- 
l y  defined standard deviation SD can then be re la ted  t o  SDL and SDU by 
By comparing SD1 and SDU it is noted tha t  the  uncertainty associated 
w i t h  the  lake l eve l  i n  each month is mostly a t t r ibu ted  t o  the  high lake 
l eve l s  as a r e s u l t  of large  f loods.  The probabil i ty of the l'ake dropping 
below 590.0 f t  is s ign i f ican t ly  l e s s  than tha t  of t he  lake r i s i ng  above 
the current summer operation pool, 599.7 f t ,  i n  any month of the year. 
The l a k e  l e v e l  could r i s e  above 599.7 f t  with p r o b a b i l i t i e s  ranging from 
3.73% i n  December t o  19.67% i n  Ju ly .  Therefore,  i t  would not be a r a r e  
event f o r  t h e  l ake  l e v e l  t o  exceed t h e  summer pool of 599.7 f t  i n  t h e  
normal operat ion of the  Lake Shelbyvi l le  system. 
Based on t h e  optimal operat ion pol icy,  t h e  l ake  most l i k e l y  would 
not r i s e  above 610.0 f t  from December t o  May. There would be some chance, 
however, f o r  t h e  l ake  t o  exceed t h i s  threshold l e v e l  i n  t he  crop-growing 
season when i t  would be des i red  t o  avoid the  upstream a g r i c u l t u r a l  damages 
due t o  t h e  f loodings  i n  the  a r ea  above 61 0.0 f t .  This phenomenon can be 
explained by t he  economic t radeoff  between the  upstream and the  downstream 
income l o s s e s  during t h i s  period. Table 4 .9(a ,  b )  conta ins  t h e  marginal 
cos t s  t o  the  upstream and the  downstream areas  a s  a r e s u l t  of a u n i t  
change i n  e i t h e r  t he  s torage  volume o r  t h e  r e l e a s e  volume per month. 
These marginal cos t s  were derived d i r e c t l y  from the  cos t  da t a  contained i n  
Tables 4.3-4.5. 
Consider the  case i n  t he  summer growing season when the lake  l e v e l  
is a t  610.0 f t ,  and t h e  inflow r a t e  is a b i t  g r ea t e r  than 1,800 c f s .  I f  
the opera t ion  c r i t e r i o n  of the lake were based s o l e l y  on the  economic 
values of the  various a c t i v i t i e s ,  then t h e  inflow would be passed only a t  
a maximum r a t e  of 1,800 c f s ,  forc ing  the  l ake  t o  r i s e  beyond 610.0 f t ,  
s i nce  comparing t h e  marginal cos t s  i n  both reaches would favor  t h i s  
opera t ion  with l e s s  ove ra l l  damages. For example, t h e  marginal damage t o  
t he  upstream reach a t  a l ake  l e v e l  of 610.0 f t  i n  J u l y  is $2.83/ac-ft ,  
which is l e s s  than the  marginal damage, $3.29/ac-ft ,  t o  t he  downstream 
reach. By t h e  same token, i f  s imi l a r  s i t u a t i o n s  occurred i n  t h e  winter 
months the preference i n  opera t ion  would be reversed i n  con t r a s t  t o  t he  
Table 4.9 Economic Tradeoff between the  Damage i n  the  Upstream and the 
Downstream Reaches for  the Lake Shelbyvil le System. 
( a )  Marginal Costs f o r  the  Upstream Reach 
Lake Marginal Cost per Ac-f t Increase i n  Storage, $/ac-ft  
Level, ................................................................. 
f e e t  Jan Feb Mar Apr May Jun J u l  Aug Sep Oct Nov Dec 
.................................. 
(Summer Growing Season) 
( b )  Marginal Costs for  the Downstream Reach 
Release Marginal Cost per Ac-ft/month Increase i n  Release, $lac-f t 
Rate, ................................................................. 
cf s Winter (NO~.-Apr.) Summer (May-Oct . ) 
Note: 1 c f s  = 59.5 ac-ft/month, f o r  30 days i n  a month. 
practice adopted i n  the summer since the marginal cost for  damages i n  the 
downstream reach is  so low (e.g.,  $0.0088/ac-ft a t  1,800 c f s ) .  The 
se lect ion of 61 0.0 f t  and 1,800 cfs  as the example coincides w i t h  the 
thresholds of the lake level  and of the re lease  r a t e  below which no 
agr icul tura l  and property damages would occur. 
Based on the economic data used, the optimal operation policy 
determined by the s tochast ic  programming model c lear ly  leans towards 
adopting a more s t r ingent  ru le  for  re lease  control rather than trying t o  
prevent the upstream damages due t o  high lake levels .  T h i s  can be 
observed by comparing the probabi l i t ies  i n  Columns ( 7 )  and (8)  of Table 
4.8. For each month i n  the summer growing season, the probability of a 
re lease  greater than 1,800 c f s  is much l e s s  than that  of the lake level  
r i s ing  above 61 0.0 f  t . Under e i ther  condition some agr icul tura l  damages 
would be incurred. The marginal cost information provided i n  Table 4.9 
supports, t o  a certain degree, the current practice of release control a t  
Lake Shelbyvil le ,  where i n  the summer the maximum release is  increased 
beyond 1,800 c f s  only fo r  lake levels  above 610.0 f t .  However, the 
maximum summer re lease  appears t o  be bounded by 3,600 c f s  fo r  lake levels  
below the  top of the flood control pool, 626.5 f t .  The small 
probabi l i t ies  of releases greater than 4,500 c f s  observed i n  June and July 
(Table 4.8, Column ( g ) ) ,  on the other hand, are a t t r ibu ted  t o  the 
operation constraint prohibiting the lake from r i s i ng  beyond 626.5 f  t 
under any circumstances. 
I n  the second half of Table 4.8, the expected damages a re  expressed 
both by the dis t r ibut ions  i n  time fo r  the agr icul tura l  l o s s ,  the  recrea- 
t i on  l o s s ,  and the property l o s s ,  and by the dis t r ibut ions  among the three  
d i f f e r e n t  l o s s e s  i n  e a c h  month. The pe rcen tages  of t h e  v a r i o u s  damages 
a r e  compara t ive ly  more impor tan t  t h a n  t h e  cor respond ing  expec ted  va lues  
because  t h e  former r e f l e c t  t h e  s i g n i f i c a n c e  of e a c h  of t h e  d i s t i n c t  
a c t i v i t i e s  r e l a t i v e  t o  one a n o t h e r .  The expec ted  damages may be mis lead-  
i n g  i n  t h a t  t h e  damage i n c u r r e d  i n  most months is much less t h a n  i n d i c a t e d  
s i n c e a  a  few c a t a s t r o p h i c  e v e n t s  account  f o r  most of t h e  w e i g h t s  i n  
c a l c u l a t i n g  t h e  expec ted  v a l u e s  ( a s  d i s c u s s e d  i n  Sec.  3.4.2.) .  
R e c r e a t i o n  damage accoun t s  f o r  ,72.5% of  t h e  expec ted  annua l  damage; 
whereas a g r i c u l t u r a l  l o s s  c o n t r i b u t e s  o n l y  25.4% of t h e  expec ted  damage 
( T a b l e  4 .8) .  These p r o p o r t i o n s  r e s u l t  because  t h e  chance of  t h e  l a k e  
l e v e l  be ing  between 602.0 f t  and 61 0.0 f t ,  w i t h i n  which o n l y  upstream 
r e c r e a t i o n  damages o c c u r ,  is much g r e a t e r  t h a n  t h e  p r o b a b i l i t y  of  t h e  l a k e  
r i s i n g  above 610.0 f t  f o r  e a c h  month. However, a g r i c u l t u r a l  damage may be 
underes t ima ted  by t h e  s t o c h a s t i c  programming model s i n c e  bo th  t h e  i n f l o w s  
and t h e  r e l e a s e s  were assumed uniform w i t h i n  a  month. Thus,  t h e  peaks of 
t h e  in f low o r  t h e  r e l e a s e  r a t e  i n  a  month a r e  n o t  c a p t u r e d  by t h e  model 
nor  p r o p e r l y  r e f l e c t e d  by t h e  monthly mean va lues .  N e v e r t h e l e s s ,  t h i s  
s i m p l i f i c a t i o n  of t h e  model s h o u l d  n o t  a l t e r  t h e  r e s u l t i n g  o p t i m a l  
o p e r a t i o n  p o l i c y  g r e a t l y  because  t h e  damage from a g r i c u l t u r e  p l a y s  a  
predominant r o l e  i n  d e t e r m i n i n g  t h e  t r a d e o f  f  s between t h e  s t o r a g e  and t h e  
r e l e a s e  d u r i n g  t h e  c r i t i c a l  c o n d i t i o n s  i n  t h e  smmer. A s  l o n g  a s  t h e s e  
marg ina l  c o s t s  a r e  p r o p e r l y  e s t i m a t e d ,  t h e  g e n e r a l  t r e n d  i n  c o n t r o l 1  i n g  
t h e  l a k e  l e v e l  and t h e  r e l e a s e  is n o t  g r e a t l y  d i s t o r t e d .  
Although t h e  s t a t i s t i c s  a s s o c i a t e d  w i t h  t h e  monthly lake l e v e l s  and 
r e l e a s e s  were c a l c u l a t e d  based o n  t h e  o p t i m a l  o p e r a t i o n  p o l i c y  under t h e  
i d e a l  s t e a d y - s t a t e  c o n d i t i o n s  , t h e i r  v a l u e s  g e n e r a l l y  r e f l e c t  t h e  tend-  
e n c i e s  which c o u l d  be e x p e c t e d  i n  t h e  normal  c o n t r o l  of  t h e  Lake She lby -  
v i l l e  sys t em under  t h e  c u r r e n t  o p e r a t i o n  r u l e s .  The month ly  mean l a k e  
l e v e l s  de t e rmined  f rom t h e  s t o c h a s t i c  programming model are w i t h i n  t h e  
r a n g e s  proposed  i n  t h e  two p r e v i o u s  s t u d i e s  (S ingh  e t  a l .  1975;  and  S i n g h ,  
1 9 7 7 ) .  If these means were t r e a t e d  as t h e  month ly  t a r g e t s ,  t h e n  t h e y  
would be r o u g h l y  2 t o  5  f e e t  lower  t h a n  t h e  c u r r e n t  r u l e  f o r  t h e  c o n t r o l  
of t h e  lake l e v e l .  The  f o l l o w i n g  s e c t i o n  p r e s e n t s  a n  a d d i t i o n a l  a n a l y s i s  
t o  examine t h e  p o s s i b l e  changes  of  t h e  o p t i m a l  o p e r a t i o n  p o l i c y  if t h e  
summer pool  is f o r c e d  t o  meet t h e  c u r r e n t  t a r g e t  of 599.7 f t .  
4.5.2 Penalty Function 
The b a s i c  r e s u l t s  d i s c u s s e d  above  were o b t a i n e d  from t h e  s t o c h a s t i c  
programming model d e f i n e d  i n  Sec .  4.4; i t  u s e s  t h e  economic v a l u e s  of t h e  
v a r i o u s  a c t i v i t i e s  a s  t h e  c r i t e r i a  f o r  o p e r a t i n g  t h e  Lake S h e l b y v i l l e  
sys t em.  A r e q u i r e m e n t  f o r  m e e t i n g  t h e  summer pool  l e v e l  of 599.7 f t  can 
be added  t o  t h e  model by mod i fy ing  t h e  o b j e c t i v e  f u n c t i o n  ( t h e  r e c u r s i v e  
e q u a t i o n )  u s i n g  t h e  p e n a l t y  f u n c t i o n  app roach  (Askew, 1974a ,  b ;  1 9 7 5 ) .  
Fo r  each  o f  t h e  c rop-growing months ,  a one - s ided  q u a d r a t i c  p e n a l t y  
f u n c t i o n  PF d e f i n e d  by 
is i n c l u d e d  i n  t h e  r e c u r s i v e  e q u a t i o n ,  which p e n a l i z e s  any  l a k e  l e v e l  H 
(as a f u n c t i o n  of s t o r a g e )  l e s s  t h a n  t h e  d e s i r e d  l e v e l  of  599.7 f t .  W is 
t h e  w e i g h t i n g  pa rame te r  t o  be de t e rmined  s o  t h a t  i n  t h e  l o n g  r u n  t h e  
e x p e c t e d  l a k e  l e v e l s  i n  t h e  summer months match  t h e  c u r r e n t  t a r g e t .  
The we igh t ing  parameter  was v a r i e d  w i t h i n  a  wide r a n g e  of va lues  
between 0  and 10,000 t o  moni tor  t h e  changes of t h e  monthly mean l a k e  
l e v e l s .  To beg in  w i t h ,  e a c h  of t h e  v a l u e s  of W = 0, 1 ,  100 ,  and 10,000 
was used i n  t h e  modif i e d  s t o c h a s t i c  programming model; and t h e  correspond-  
i n g  mean l a k e  l e v e l  i n  t h e  p e r i o d  from May t o  October  was c a l c u l a t e d .  A 
semi- log p l o t  of W a g a i n s t  t h e  mean l a k e  l e v e l  was c r e a t e d ;  and t h e  weight  
co r respond ing  t o  mean l a k e  l e v e l  of 599.7 f t  can be o b t a i n e d  by u s i n g  
s i m p l e  l i n e a r  i n t e r p o l a t i o n .  I t  was shown t h a t  a  w e i g h t i n g  parameter of 
approx imate ly  5  l e a d s  t o  t h e  d e s i r e d  t a r g e t  of t h e  mean smmer  pool i n  t h e  
l o n g  r u n .  
F i g u r e  4.9 compares t h e  r e l a t i v e  changes i n  t h e  expec ted  l a k e  
performance when d i f f e r e n t  we igh t ing  parameters  are used. I t  i s  i n t e r e s t -  
i n g  t o  n o t e  t h a t  even us ing  a  r a t h e r  s m a l l  va lue  (W = 1 )  would g r e a t l y  
i n c r e a s e  t h e  mean l a k e  l e v e l s  i n  t h e  summer months. The summer pool would 
keep r i s i n g  w i t h  t h e  i n c r e a s i n g  p e n a l t y  on l a k e  l e v e l s  below 599.7 f t ;  and 
t h e  o p t i m a l  o p e r a t i o n  p o l i c y  would remain unchanged f o r  W > 10,000.  I n  
comparison t h e  pool l e v e l s  i n  t h e  January-March p e r i o d  a r e  a lmos t  unaf- 
f e c t e d  by t h e  pronounced changes i n  t h e  summer poo l s  when d i f f e r e n t  
p e n a l t y  v a l u e s  are used. Moreover, d e s p i t e  t h e  c o n s i s t e n t  i n c r e a s e  of  t h e  
expec ted  damages i n  t h e  summer months,  t h e s e  damage v a l u e s  do n o t  change 
a s  g r e a t l y  a s  t h e  monthly l a k e  l e v e l s  i f  W is changed from 0 t o  5. Thus, 
t h e  L a k e  S h e l b y v i l l e  sys tem may be c o n s i d e r e d  r a t h e r  f l e x i b l e  i n  t e rms  of 
t h e  s e l e c t i o n  of  t h e  o p e r a t i o n  r u l e  curve .  More d i s c u s s i o n s  are prov ided  
i n  t h e  f o l l o w i n g  s e c t i o n  s p e c i f i c a l l y  f o r  t h e  c a s e  of W = 5. 
4.5.3 Further Analysis of Expected Lake Performance 
T a b l e  4.10 c o n t a i n s  i n f o r m a t i o n  about  t h e  e x p e c t e d  sys tem perform- 
(a) Mean Lake Level 
590 
J F  M A M J  J  A  S O N  D  
month 
(b) Expected Damage Distribution 
4 
2 
0 
J F  M A M J  J  A S O N D  
month 
W = 0 1 5 100 10,000 
Expected 
Annual $36,983 $38,837 $40,315 $43,200 $48,049 
Damage 
F i g u r e  4.9 Comparison o f  t h e  Expec t ed  Per formances  of t h e  Lake Shelby-  
v i l l e  System Us ing  t h e  P e n a l t y  F u n c t i o n  Approach; W i s  t h e  
Weigh t ing  Pa rame te r  Def ined  i n  Eq. 4.9. 
Table 4.10 Expected System Performance of Lake She lbyv i l l e  Based upon the  
Optimal Resul t s  from the  S t o c h a s t i c  Dynamic Programming Model 
with t h e  Mean Summer Lake Level Constrained t o  Be 599.7 f t .  
Mean Standard Deviat ion Prob. of Lake Level Prob. of Release 
Month Lake of Lake Level, f e e t  ------------------- Greater  Than 
Level* ------------------- Drop, R i s .  R i s .  ---------------- 
f e e t  ~ D L *  SDE* SD!* below above above 1,800 4,500 
590.0 599.7 610.0 c f s  cf s 
f  t f  t f  t 
Jan 592.4 1.34 7.15 3.64 .0019 ,0668 0 .I046 0 
Feb 592.5 1.40 6.72 4.06 .0016 ,0905 0 .0974 0 
Mar 
A Pr 
May 
Jun 
J u l  
Aug 
S ~ P  
0  c t  
Nov 
Dec 
* Mean l a k e  l e v e l  a t  t h e  beginning of t h e  ind ica t ed  month. 
**  SDL: s tandard  dev ia t ion  of a l l  pos s ib l e  l ake  l e v e l s  lower than  t h e  
monthly mean (Eq. 4.6). 
SDU: s tandard  dev ia t ion  of a l l  pos s ib l e  l ake  l e v e l s  higher than  t h e  
monthly mean (Eq. 4.7). 
SD: s tandard  dev ia t ion  of a l l  pos s ib l e  l a k e  l e v e l s  a t  t h e  beginning 
of t h e  ind ica t ed  month. 
Table 4.10 (Continued) 
Damage Distribution Damage Distribution Expected 
by Month, $ by Category, $ Monthly 
Month ------------------- ........................... Damage, 
Agri. Recr. Prop. Agri. Recr. Prop. Total do1 1 ars 
J an 0 0.7 10.8 0 69.6 30.4 100.0 2 87 
Feb 0 0.6 5.8 0 79.4 20.6 l ,OO.O 22 6 
Mar 0 0.3 12.0 0 48.8 51.2 100.0 1 90 
A P ~  0 0.2 24.2 0 20.6 79.4 100.0 247 
May 4.1 0.3 0.1 84.3 15.5 0.2 100.0 527 
Jun 19.9 10.4 0.9 42.2 57.7 0.1 100.0 5,140 
Jul 31.7 22.9 2.1 34.4 65.4 0.2 100.0 10,028 
A ug 31 .8 31 .3 4.2 27.7 72.0 0.3 100.0 12,480 
S ~ P  7.4 29.5 1.1 8.7 91.2 0.1 100.0 9,272 
Oct 5.0 2.4 0.5 44.1 55.6 0.3 100.0 1 ,236 
Nov 0 0.8 33.4 0 45.1 54.9 100.0 4 92 
Dec 0 0.5 5.0 0 78.5 21.5 100.0 189 
.......................................................................... 
Tot a1 
Damage, 
% 100.0 100.0 100.0 
Tot a1 
Damage, 
$/year 10,882 28,623 810 
ance  s i m i l a r  t o  t h a t  l i s t e d  i n  Tab le  4.8, e x c e p t  t h a t  t h e  mean summer l a k e  
l e v e l  is f o r c e d  t o  i n c r e a s e  t o  599.7 f t .  Although t h e  p e n a l t y  is i n c l u d e d  
i n  t h e  r e c u r s i v e  e q u a t i o n  f o r  e a c h  of t h e  crop-growing months, t h e  l a k e  
g e n e r a l l y  cannot  r e a c h  t h e  t a r g e t  l e v e l  u n t i l  J u l y .  T h i s  is because  t h e  
w i n t e r  drawdown of t h e  l a k e  l e v e l  i s  s i g n i f i c a n t l y  lower  t h a n  t h e  summer 
pool i n  t h e  s t e a d y - s t a t e  c o n d i t i o n .  A s  a  r e s u l t ,  when i t  is d e s i r e d  t o  
r a i s e  t h e  l a k e  t o  599.7 f t  beg inn ing  o n  May 1 ,  t h e r e  is probably  n o t  
enough i n f l o w  t o  r a i s e  t h e  l a k e  l e v e l .  
Although t h e  a v e r a g e  monthly i n f l o w  i n  May i d e a l l y  shou ld  be enough 
t o  r a i s e  t h e  l a k e  from t h e  w i n t e r  pool of 592.4 f t  t o  a summer pool l e v e l  
around 599.7 f t ,  t h e r e  cou ld  be c e r t a i n  f a c t o r s  which might c a u s e  a d e l a y  
i n  r a i s i n g  t h e  l a k e  l e v e l .  F i r s t ,  t h e  monthly i n f l o w s  a t  S h e l b y v i l l e  a r e  
g e n e r a l l y  p o s i t i v e l y  skewed. S i n c e  t h e  m a j o r i t y  of i n f l o w s  a r e  l i k e l y  t o  
be l e s s  t h a n  t h e  monthly mean, t h e r e  is much l e s s  t h a n  a 50% chance t h a t  
t h e  d i f f e r e n c e  between t h e  w i n t e r  and t h e  summer pool l e v e l  w i l l  be 
comple te ly  e l i m i n a t e d  by t h e  in f low i n  May. Second, a minimum r e l e a s e  
from t h e  lake is g e n e r a l l y  r e q u i r e d ,  and some of t h e  i n f l o w s  may be passed  
th rough  t h e  dam under o c c a s i o n a l  f l o o d  c o n d i t i o n s .  F i n a l l y ,  e v a p o r a t i o n  
may a l s o  p a r t i a l l y  o f f s e t  t h e  n e t  monthly i n f l o w  amount. I n  F ig .  4.9 
( a ) ,  i t  can be obse rved  t h a t  t h e  p a t t e r n s  of t h e  r i s i n g  r a t e s  of t h e  mean 
l a k e  l e v e l  from May t o  J u l y  are r o u g h l y  t h e  same f o r  t h e  v a r i o u s  nonzero  
p e n a l t i e s  used.  T h i s  p a t t e r n  i m p l i e s  t h a t  on t h e  average  t h e  l a k e  l e v e l  
c o u l d  o n l y  be i n c r e a s e d  by rough ly  3 f e e t  from May t o  J u n e ,  and by 2 f e e t  
from J u n e  t o  J u l y ,  under normal in f low and o p e r a t i o n  c o n d i t i o n s .  
I n  compar ison ' t o  t h e  monthly mean lake l e v e l s  d e r i v e d  from t h e  
s t o c h a s t i c  programming model, t h e  o p e r a t i o n  r u l e  cu rves  t h a t  have been 
used fo r  the  Lake Shelbyville system (Fig. 4.3) a r e  too s impl is t ic  t o  
r e f l e c t  the system's response t o  the natural  inflows. A ten-foot winter 
drawdown mandated i n  the ear ly  operation plans could force more than a  
two month period for  ra i s ing  the lake level  back t o  the summer pool. T h i s  
ef fect  was not i n i t i a l l y  observed because of the unprecedented floods 
which occurred i n  1973-1974. The e f fec t  l a t e r  become apparent i n  
1975-1976 when the  inflow amounts were l e s s  than normal. Thus, rather 
than adopting the commonly used dichotomous scheme t o  divide the summer 
and the winter target  operation pool l eve l s ,  it would be more appropriate 
t o  define a  t h i r d  (or  four th)  period i n  a  year for  the t r ans i t ion  between 
the  winter and the summer pools. For example, a  two-month l i nea r  t r ans i t -  
ion between the pools from A p r i l  1 t o  June 1 may be recommended for  Lake 
Shelbyville t o  control the lake level  be t t e r  i n  the  t r ans i t ion  season. 
The lake level  can be sharply reduced i n  November-December since the 
normal inflows i n  t h i s  period a re  small,  and the maximum allowable release 
can be s ign i f i can t ly  increased a f t e r  the harvest. I f  because of m o d e l e d  
issues (e .g . ,  rapid change i n  lake level  causes s ignif icant  bank erosion 
w i t h i n  and below the l ake ) ,  the winter drawdown should not be executed a t  
a  r a t e  f a s t e r  than tha t  ref lec ted by the model, a  t r ans i t ion  period could 
a l s o  be added t o  smooth the change between the summer and the winter 
pools. 
The overall  performance of the Lake Shelbyville s y s t e m  does not 
exhibit  much change whether the penalty function is used or not. For the  
modified model w i t h  the penalty function,  the elevated mean lake l eve l s  
a re  accompanied by an increase i n  the probabi l i t ies  of reaching high lake 
levels  as can be seen i n  the Columns (6 )  and (7 )  i n  Tables 4.8 and 4.10. 
I t  is  i n t e r e s t i n g  t h a t  by r a i s i n g  t h e  summer p o o l s - r o u g h l y  5 f t ,  t h e  
p r o b a b i l i t i e s  of t h e  summer l a k e  l e v e l s  r i s i n g  above 599.7 f t  would be 
i n c r e a s e d  o n l y  from a n  average  of 12.4% t o  16.8%. The e x p e c t e d  annual  
damage would be i n c r e a s e d  by o n l y  9% a s  a r e s u l t  of t h e  h i g h e r  summer 
p o o l s ,  and t h e  i n c r e a s e d  damages would be f a i r l y  e v e n l y  d i s t r i b u t e d  by 
p e r c e n t a g e  th rough  t ime  and among t h e  t h r e e  c a t e g o r i e s .  
F i n a l l y ,  t h e  modeling r e s u l t s  are found t o  be i n s e n s i t i v e  t o  t h e  
h y d r o l o g i c  d a t a  used.  F i g u r e  4.10 compares t h e  e x p e c t e d  sys tem perform- 
ance  (W = 5 )  based o n  t h e  h i s t o r i c a l  i n f l o w  r e c o r d s  f o r  t h e  p e r i o d s  of 
1941-1982, 1941-1970, and 1971-1982, r e s p e c t i v e l y .  Although t h e  1971-1982 
data r e s u l t e d ,  as expec ted ,  i n  h i g h e r  mean lake l e v e l s  and e x p e c t e d  dam- 
a g e s ,  t h e  g e n e r a l  p a t t e r n s  of t h e  monthly s t a t i s t i c s  do n o t  va ry  from one  
a n o t h e r  s i g n i f i c a n t l y .  Moreover, t h e  d e v i a t i o n s  among t h e  performances 
based on  d i f f e r e n t  h y d r o l o g i c  d a t a  s e t s  a r e  n o t  as g r e a t  as t h o s e  caused 
by t h e  mandatory i n c r e a s e  i n  t h e  summer t o  a 599.7 f t  l e v e l  from t h e  
o p t i m a l  t a r g e t  l e v e l s  which would be 2 t o  5 f e e t  lower .  Thus,  t h e  wet 
s p e l l  e x p e r i e n c e d  i n  t h e  Upper Kaskaskia  B a s i n  i n  t h e  1971-1982 p e r i o d  
s h o u l d  n o t  g r e a t l y  a f f e c t  t h e  long-term performance of  t h e  Lake Shelby- 
v i l l e  system. 
The above o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  performance of  L a k e  Shelby- 
v i l l e  would i n  g e n e r a l  n o t  be s e r i o u s l y  impa i red  by keep ing  t h e  summer 
pool a t  599.7 as compared t o  t h e  t h e o r e t i c a l l y  more economical  p l a n  w i t h  
t h e  mean lake l e v e l  i n  summer b e i n g  5 f t  lower.  The summer pool l e v e l  of 
599.7 f t  h a s  been mandated s i n c e  t h e  comple t ion  of  t h e  S h e l b y v i l l - e  Dam; 
and t h e  f a c i l i t i e s  i n  t h e  lake a r e a  have been b u i l t  f o r  t h e  p a s t  1 6  y e a r s  
conforming t o  t h i s  expec ted  summer poo l .  Theref o r e ,  a l t h o u g h  keep ing  t h e  
(a) Mean Lake Level 
61 0 
608 
606 
604 
C 
602 
g 600 
* 598 
596 
594 
592 
590 
J F  M A M J  J  A S O N D  
month 
(b) Expected Damage Distribution 
J F  M A M J  J A S O N D  
month 
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c u r r e n t  summer pool would be considered sub-optimal based on t h e  economic 
a n a l y s i s  us ing  t h e  s t o c h a s t i c  programming model, r e t a i n i n g  t h i s  l e v e l  i n  
t h e  f u t u r e  opera t ions  of t h e  system should be an acceptab le  p r a c t i c e  
un less  t h e  major func t ions  of Lake S h e l b y v i l l e  a r e  d r a s t i c a l l y  changed. 
On t h e  o the r  hand, t h e  t r a n s i t i o n  from t h e  winter  pool t o  t h e  summer pool 
has caused some problems i n  t h e  p a s t  ope ra t i on  h i s t o r y  of Lake Shelby- 
v i l l e .  A s  a  r e s u l t ,  t h e  l a k e  r u l e  curve has been modified f r equen t ly .  I t  
seems t h a t  t h e  l a k e  cannot recover t o  t h e  summer pool l e v e l  from t h e  
win te r  drawdown i n  a  very s h o r t  t r a n s i t i o n  period. A per iod of two months 
f o r  t r a n s i t i o n  between t h e  seasons is l i k e l y  t o  improve t h e  con t ro l  of t h e  
l a k e  l e v e l  e i t h e r  i n  providing t h e  necessary  s t o r a g e  space  f o r  withholding 
t h e  win te r  f l oods  o r  i n  a t t a i n i n g  t h e  summer pool l e v e l  i n  time f o r  t h e  
beginning of t h e  summer r e c r e a t i o n  season. 
Lake She lbyv i l l e  has c o n t r o l l e d  t h e  s u r f a c e  r u n o f f s  from t h e  Upper 
Kaskaskia River  Basin, I l l i n o i s ,  s i n c e  August 1970 when t h e  S h e l b y v i l l e  
Dam was completed. I t  s e rves  a s  a  mul t i - func t ion  r e s e r v o i r  f o r  f l o o d  
c o n t r o l ,  r e c r e a t i o n ,  f i s h  and w i l d l i f e  conserva t ion ,  nav iga t ion ,  and water 
supply purposes,  though t h e  l a t t e r  two f u n c t i o n s  have never been f u l l y  
u t i l i z e d .  While t h e  design capac i ty  of t h e  Lake is 1.7 times t h e  mean 
annual inflow above She lbyv i l l e ,  which is  considered a  r a t h e r  l a r g e  
s t o r a g e  r a t i o ,  t h e  ope ra t i on  rules f o r  Lake S h e l b y v i l l e  have been modified 
a  few times i n  t h e  p a s t  16 years .  Those modi f ica t ions  were made p a r t i a l l y  
because both t h e  r e g u l a t i n g  agency and t h e  l o c a l  r e s i d e n t s  t y p i c a l l y  
needed some time t o  adapt  t o  t h e  phys ica l  and socio-economical changes 
brought about by t h e  newly-built  dam. The unusual weather cond i t i ons  
e x p e r i e n c e d  i n  t h e  1973-1974 p e r i o d  added t o  t h e  complex i ty  of d e f i n i n g  a 
r o b u s t  o p e r a t i o n  p o l i c y  i n  t h e  c o n t r o l  of  t h e  summer and t h e  w i n t e r  p o o l s .  
T h i s  l e d  t o  f i v e  m o d i f i c a t i o n s  of  t h e  o p e r a t i o n  r u l e s  i n  t h e  s i x - y e a r  
p e r i o d  from 1970 t o  1976. 
Two comprehensive s t u d i e s  conducted  j o i n t l y  by t h e  I l l i n o i s  S t a t e  
Water Survey and t h e  S t a t e  D i v i s i o n  o f  Water Resources  ( S i n g h  et  a l .  1975; 
and S i n g h ,  1977) p r o v i d e d  d e t a i l e d  a n a l y s e s  of t h e  o p t i m a l  j o i n t  o p e r a t i o n  
of  t h e  Lake S h e l b y v i l l e  and C a r l y l e  Lake s y s t e m  i n  t h e  K a s k a s k i a  R i v e r  
Bas in .  I t  was shown (S ingh  e t  a l . ,  1975, T a b l e  20) t h a t  t h e  a g r i c u l t u r a l  
damages t h a t  o c c u r r e d  i n  1973-1 974 from t h e  S h e l b y v i l l e - C a r l y l e  r e a c h  were 
r e d u c e d  by 625,  as compared t o  t h e  damages which would have o c c u r r e d  had 
t h e  S h e l b y v i l l e  D a m  n o t  e x i s t e d .  I t  w a s  a l s o  o b s e r v e d  t h a t  t h e  f u n c t i o n s  
of Lake S h e l b y v i l l e  c o u l d  be much improved i f  t h e  summer pool l e v e l s  were 
lowered  by 2.7 t o  6.2 f t  (S ingh ,  1977, T a b l e  39)  depending  upon t h e  l e v e l s  
of demands from t h e  water s u p p l y  and  n a v i g a t i o n  u s e s .  The f i n d i n g s  i n  
t h e s e  two r e p o r t s ,  n e v e r t h e l e s s ,  d i d  n o t  a f f e c t  t h e  l a t e r  d e c i s i o n  made by 
t h e  r e g u l a t i n g  agency t o  r e t a i n  t h e  summer pool  a t  599.7 f t .  
Because t h e  v a r i o u s  h y d r o l o g i c  c o n d i t i o n s  were i m p l i c i t l y  i n c l u d e d  
i n  t h e  model p r e s e n t e d  h e r e ,  t h e  e x p e c t e d  per formance  o f  t h e  Lake c o u l d  be 
p e r c e i v e d  r a t h e r  e a s i l y .  However, c a r e f u l  p r e p a r a t i o n  of  t h e  h y d r o l o g i c  
a n d  t h e  economic d a t a ,  and  t h e  i n c o r p o r a t i o n  o f  t h i s  i n f o r m a t i o n  i n t o  t h e  
s t o c h a s t i c  dynamic programming framework, are c r i t i ca l  t o  t h e  v a l i d i t y  of 
t h e  o p t i m a l  r e s u l t s  o b t a i n e d .  Although t h e  i n f l o w  d a t a  i n  t h e  1971-1982 
p e r i o d  seeming ly  i m p l i e d  a d r a s t i c  change' o f  t h e  h y d r o l o g i c  c h a r a c t e r i s -  
t i c s  af ter  t h e  dam w a s  b u i l t ,  t h e  r e s u l t s  from t h e  s t a t i s t i c a l  tests 
showed t h a t  t h e  change c o u l d  be a t t r i b u t e d  more t o  t h e  n a t u r a l  randomness 
of t h e  h y d r o l o g i c  p rocess  t h a n  t o  a b a s i c  change o f  l a n d  use  i n  t h e  Upper 
Kaskaskia River  Basin .  More impor tan t  is t h e  f a c t  t h a t  f o r  t h e  Lake 
S h e l b y v i l l e  sys tem t h e  op t imal  o p e r a t i o n  p o l i c y  is l i t t l e  a f f e c t e d  by t h e  
h y d r o l o g i c  d a t a  used.  
The computat ions  of t h e  a g r i c u l t u r a l ,  r e c r e a t i o n ,  and p r o p e r t y  
damages r e f l e c t  t h e  r e a l  o p e r a t i o n  c o n d i t i o n s  w i t h  r e a s o n a b l e  accuracy .  
R e c r e a t i o n  a c t i v i t i e s  g e n e r a l l y  t a k e  p l a c e  o n  a d a i l y  b a s i s .  T h e r e f o r e ,  
t h e  p o s s i b l e  damages t o  r e c r e a t i o n  a s  e s t i m a t e d  by t h e  l o s s e s  of v i s i t o r s  
per  day s h o u l d  va ry  i n  ti'me i f  t h e  l a k e  l e v e l  changes w i t h i n  a month. On 
t h e  o t h e r  hand,  t h e  damage t o  e i t h e r  a g r i c u l t u r e  o r  p r o p e r t y  is assumed t o  
depend upon t h e  g r e a t e s t  a r e a  f l o o d e d  i n  t h e  crop-growing season .  Conven- 
t i o n a l  s t o c h a s t i c  programming models do no t  p rov ide  a d i r e c t  l i n k  between 
t h e  c u r r e n t  o p e r a t i o n  d e c i s i o n  and t h a t  i n  t h e  f u t u r e  d i s j o i n t  o p e r a t i o n  
pe r iods .  An ad --  hoc approach was proposed i n  Sec. 4 . 4 . 3  t o  r e s o l v e  t h i s  
problem by a d j u s t i n g  t h e s e  damages a c c o r d i n g  t o  t h e  s y s t e m ' s  c o n d i t i o n  i n  
t h e  p r e v i o u s  month. Numerical ev idence  showed t h a t  o p t i m a l  r e s u l t s  would 
q u i c k l y  converge  w i t h  a d j u s t m e n t s  i n  o n l y  one a d d i t i o n a l  month i n  t h e  
backward o p t i m i z a t i o n  procedure .  Without t h i s  m o d i f i c a t i o n ,  n o t  o n l y  
would t h e  e x p e c t e d  damages be o v e r e s t i m a t e d ,  b u t  a l s o  t h e  d i s t r i b u t i o n s  of 
t h e  l a k e  l e v e l s  would be d i s t o r t e d .  
The e x p e c t e d  lake performance as a r e s u l t  of  t h e  o p t i m a l  o p e r a t i o n  
p o l i c y  r e s e m b l e s  t h a t  a l r e a d y  found i n  t h e  p r e v i o u s  s t u d i e s  by S i n g h  et  
a l .  (1975)  and S ingh  (1977) .  Based o n  t h e  economic d a t a  used f o r  estimat- 
i n g  t h e  v a r i o u s  damages, t h e  o p t i m a l  o p e r a t i o n  p o l i c y  determined by t h e  
model would l e a n  t o  a d o p t i n g  a more s t r i n g e n t  r u l e  i n  t h e  release c o n t r o l  
r a t h e r  t h a n  t r y i n g  t o  p reven t  upstream damages. By comparing t h e  marg ina l  
c o s t  d a t a  (Tab le  4.91, t h e  maximum a l l o w a b l e  r e l e a s e  i n  t h e  summer would 
be l i m i t e d  t o  3,600 c f s  f o r  b e t t e r  long-term system performance. 
A p e n a l t y  f u n c t i o n  approach w a s  used t o  moni tor  t h e  changes i n  l a k e  
performance i f  t h e  summer pool l e v e l  of 599.7 f t  is d e s i r e d .  The imposi- 
t i o n  of t h e  p e n a l t y  f u n c t i o n  would cause  a 9% i n c r e a s e  i n  t h e  expec ted  
annual  damage, and would r a i s e  t h e  summer mean l a k e  l e v e l s  by roughly  5 
f t .  With a t a r g e t  summer pool of 599.7 f t ,  t h e  p r o b a b i l i t i e s  of t h e  l a k e  
exceeding t h i s  l e v e l  i n  June-September would be g r e a t e r  t h a n  20% on t h e  
average .  Moreover, it would no t  be a r a r e  even t  f o r  t h e  l a k e  t o  r i s e  
above 61 0.0 f  t a t  which upstream a g r i c u l t u r a l  and p r o p e r t y  damages would 
s t a r t  t o  o c c u r ,  adding t o  r e c r e a t i o n  damages t h a t  would a l r e a d y  have 
occur red .  Since  t h e s e  e v e n t s  would be h i g h l y  r e l a t e d  and would occur  i n  
c l u s t e r s  i n  s u c c e s s i v e  months, t h e  a c t u a l  chance of t h e  l a k e  exceeding 
599.7 f t  o r  61 0 .0  f t  i n  t h e  whole summer season  would n o t  be much g r e a t e r  
t h a n  t h e  chance of t h a t  o c c u r r i n g  i n  a s i n g l e  month. 
The most important  o b s e r v a t i o n  from t h e  above a n a l y s i s  is t h a t  i t  
would g e n e r a l l y  t a k e  more t h a n  one  month f o r  Lake S h e l b y v i l l e  t o  resume 
t h e  summer pool from t h e  w i n t e r  drawdown. The h i s t o r i c a l  o p e r a t i o n  
r e c o r d  (Corps of  Engineers ,  1983a) a l s o  s u p p o r t s  t h i s  a s s e r t i o n .  There- 
f o r e ,  a  t r a n s i t i o n  p e r i o d  between t h e  w i n t e r  drawdown and t h e  summer 
recovery  i n  t h e  l a k e  l e v e l  is recommended f o r  c o n s i d e r a t i o n  of f u t u r e  
m o d i f i c a t i o n s  of t h e  r u l e  curve .  An extended t r a n s i t i o n  pe r iod  between 
t h e  two s e a s o n s  s h o u l d  r e p r e s e n t  t h e  a c t u a l  r e sponse  of t h e  l a k e  t o  t h e  
i n f l o w s  b e t t e r  t h a n  t h e  r i g i d  t r a n s i t i o n  c u r r e n t l y  adopted.  
Although t h e  s t o c h a s t i c  programming model is o n l y  a s c r e e n i n g  model, 
t h e  in fo rmat ion  provided would be g e n e r a l l y  v a l u a b l e .  The b i a s e s  and 
u n c e r t a i n t i e s  embedded i n  t h e  modeling r e s u l t s  could be reduced by care- 
f u l l y  s e l e c t i n g  t h e  modeling parameters. A b e t t e r  understanding of t he  
system ope ra t ing  condi t ions  and t h e  corresponding c o n s t r a i n t s  could a l s o  
he lp  i n  cons t ruc t ing  such a  model with app ropr i a t e  d e t a i l s .  For t h e  Lake 
S h e l b y v i l l e  system, t h e  s t o c h a s t i c  dynamic programming model a s  proposed 
i n  t h e  above s e c t i o n s  proved t o  be a  f l e x i b l e  and e f f i c i e n t  t o o l  f o r  
ana lyz ing  t h e  system performance. 
V. SUMMARY AND RECOMMENDATIONS 
5.1 Summary of Studies 
T h i s  s t u d y  h a s  examined t h e  common i s s u e s  e n c o u n t e r e d  when u s i n g  
s t o c h a s t i c  programming ( S P )  i n  b o t h  t h e  model  f o r m u l a t i o n  a n d  t h e  p r a c t i -  
c a l  a p p l i c a t i o n  p h a s e s .  A h y p o t h e t i c a l  s i n g l e  r e s e r v o i r  s y s t e m  was u s e d  
f i r s t  t o  s t u d y  t y p i c a l  SP m o d e l i n g  i s s u e s  w h i c h  may b e  o b s c u r e l y  d e f i n e d  
o r  d i f f i c u l t  t o  r e s o l v e  i n  t h e  complex m o d e l i n g  p r o c e s s  o f  a  r e a l  
r e s e r v o i r  s y s t e m .  S e n s i t i v i t y  a n a l y s e s  were p e r f o r m e d  t o  m o n i t o r  t h e  
c h a n g e s  o f  p e r f o r m a n c e  o f  t h e  h y p o t h e t i c a l  s y s t e m  a s  a  r e s u l t  o f  v a r y i n g  
m o d e l i n g  p a r a m e t e r s .  The p a r a m e t e r s  o r  e l e m e n t s  c o n s i d e r e d  i n  t h e s e  
a n a l y s e s  i n c l u d e  t h e  p a r t i t i o n s  o f  i n f l o w  a n d  s t o r a g e  s t a t e s ,  t h e  
h y d r o l o g i c  c h a r a c t e r i s t i c s  o f  i n f l o w s ,  t h e  t y p e s  o f  s y s t e m  p e r f o r m a n c e  
f u n c t i o n s ,  a n d  t h e  t r a d e o f f s  be tween  c o n f l i c t i n g  o b j e c t i v e  f u n c t i o n s .  
S i m u l a t i o n  s t u d i e s  were c o n d u c t e d  t o  v e r i f y  t h e  m o d e l i n g  r e s u l t s  a n d  t o  
p r o v i d e  i n s i g h t s  f o r  p o s s i b l e  improvements  o f  p e r f o r m a n c e  o f  t h e  
h y p o t h e t i c a l  s y s t e m .  
An SP model f o r  t h e  Lake S h e l b y v i l l e  s y s t e m  i n  I l l i n o i s  was t h e n  
d e v e l o p e d  a s  a  c a s e  s t u d y  t o  h e l p  i d e n t i f y  t h e  m a j o r  f a c t o r s  w h i c h  may 
a f f e c t  t h e  o p e r a t i o n  s t r a t e g i e s  o f  Lake S h e l b y v i l l e ,  s p e c i f i c a l l y  t h e  
o p e r a t i o n  r u l e  c u r v e .  The  c o m p u t a t i o n  o f  a g r i c u l t u r a l ,  r e c r e a t i o n ,  a n d  
p r o p e r t y  damages was c o n s i d e r e d ;  a n d  a n  a d  h o c  a p p r o a c h  ( g e n e r a l l y  a p p l i -  
-- 
c a b l e  i n  s t u d y i n g  t h e  o p e r a t i o n s  o f  o t h e r  s i n g l e  r e s e r v o i r  s y s t e m s ,  
h o w e v e r )  was u s e d  t o  e s t i m a t e  a c c u r a t e l y  t h e  a g r i c u l t u r a l  a n d  p r o p e r t y  
damages i n  t h e  o p t i m i z a t i o n  p r o c e d u r e .  The  p e r f o r m a n c e  o f  Lake  
S h e l b y v i l l e  was e v a l u a t e d  c o n s i d e r i n g  t h e  l o s s e s  o f  a g r i c u l t u r a l  r e v e n u e s  
and recreation benef i ts ,  property damages, and the changes in  pool levels  
and outflow releases.  
The following two sect ions  summarize and discuss the findings of 
using SP f o r  the  hypothetical reservoir  system as well a s  f o r  the  Lake 
Shelbyvil le study. Recommendations a r e  provided for consideration i f  
f u tu r e  modifications of the  operation ru le  curve a re  made f o r  Lake Shelby- 
v i l l e .  
5.2 Discussion 
5.2.1 Typical SP Hodel ing Issues 
A typical  SP model for reservoir  study generally involves the 
d i sc re t i za t ion  of continuous storage and inflow var iables ,  the  estimation 
of a Markov t r ans i t i on  probabil i ty matrix, and the  se lec t ion  of adequate 
measures for  evaluating the  system performance. I t  has been shown tha t  
not only the  numbers but a l so  the  d i sc re te  increment values of the inflow 
and s torage s t a t e s  affect  the  modeling resu l t s .  The par t i t ions  of inflow 
and storage s t a t e s  w i t h  N Q  > 10  and NS > 1 2  would lead t o  s t a b l e  optimal 
- - 
r e s u l t s  f o r  the  hypothetical reservoir  system, regardless of t he  r e l a t i v e  
storage capacity t o  mean annual inflow r a t i o s  (sC/Ga = 0.5, 1 ,  2 )  used. 
The number of storage s t a t e s  could be fu r ther  reduced without much affect -  
ing the  expected system performance fo r  small sC/Qa r a t i o s  (sc/Qa <_ 1 ) . 
The par t i t ions  of dry season inflows would have minimal impact on the  
optimal decisions provided t ha t  the overal l  system performance is  mainly 
affected by t h e  wet season inflows. 
Extremely la rge  re leases  a r e  l i k e l y  t o  occur as i so la ted  events i n  
the  real-time operation of a reservoir  system. These extreme events are  
r e l a t i ve ly  insensi t ive  t o  the  increments of the s t a t e  variables as com- 
pared t o  the smaller releases.  Nevertheless, these ra re ly  occurring 
extreme events can have a major impact on the estimation of expected 
system performance. The small-scale flooding caused by the discrete 
release policy a r e  largely a t t r ibu ted  t o  the dis tor t ions  i n  discre t iz ing 
the continuous storage and inflow variables. According t o  the  r e su l t s  of 
simulation s tudies ,  these occurrences may be eliminated by allowing a 
proper tolerance value f o r  the discrete re leases ,  and the overall  system 
performance can be improved when compared t o  tha t  estimated d i rec t ly  from 
the SP  model . 
The uncertainty associated w i t h  estimation of the coefficient  of 
variat ion v and the correlat ion coefficient  p of inflows generally a f fec t s  
the accuracy of the expected system performance. The influence from 
s e r i a l  correlat ions of the  inflows depends largely  upon the  storage 
capacity of a reservoir  system. For smaller reservoirs (e.g. ,  sC/ia 2 
0 . 5 ) ,  the uncertainty associated wi th  p is pract ical ly  immaterial t o  the  
expected s y s t e m  performance estimated from an SP  model. Nevertheless, 
for  a l l  combinations of storage capacit ies and performance functions 
evaluated, the uncertainty of the coefficients of variat ion of inflows has 
a consistent and greater  impact on the  s y s t e m  performance than the  influ- 
ence of the s e r i a l  correlat ions.  
In the sample study w i t h  flood control being the only objective,  
convex and concave performance functions could lead t o  di f ferent  optimal 
release decisions depending upon the i n i t i a l  storage, the current inflow, 
and the future  hydrologic conditions. Under the convex performance 
function assumption, it is desirable t o  reduce the magnitude of an extreme 
flood event through prior regulation,  even a t  a cost  i n  the current 
period. On t h e  o the r  hand, i t  would not  be j u s t i f i e d  t o  r e l e a s e  more 
water than  necessary when t h e  extreme event occurs .  The oppos i t e  argument 
can be app l i ed  t o  t h e  concave func t ion ,  i n  which c a s e  t h e  s m a l l  f l oods  
a r e  always avoided; and t h e  l a r g e  f l o o d s  may not  be reduced a s  much even 
when some s t o r a g e  space  is s t i l l  a v a i l a b l e  i n  t h e  r e s e r v o i r .  Therefore ,  
n e i t h e r  t h e  convex f u n c t i o n  nor t h e  concave f u n c t i o n  a lone  i n  an SP 
framework can s imultaneously maximize short- term and long-term b e n e f i t s ,  
f o r  t h e  e n t i r e  spectrum of r e s e r v o i r  ope ra t i on  cond i t i ons .  
The t r a d e o f f s  between t h e  c o n f l i c t i n g  o b j e c t i v e s  i n  r e s e r v o i r  opera- 
t i o n  can be examined by t h e  changes i n  c e r t a i n  system c h a r a c t e r i s t i c s ,  
such a s  t h e  expected r e s e r v o i r  performance o r  t h e  s t e a d y - s t a t e  d i s t r i b u -  
t i o n  of t h e  s t o r a g e ,  a s  a  r e s u l t  of t he  s h i f t i n g  emphases on t h e  var ious  
o b j e c t i v e s .  Although such ind i ce s  r e l a t e d  t o  t h e  lumped system perform- 
ance might demonstrate a  c l e a r  and c o n s i s t e n t  p a t t e r n  of t r a d e o f f s  i n  
o b j e c t i v e  space ,  they  usua l ly  f a i l e d  t o  provide d e t a i l e d  information about 
t h e  changes i n  dec i s ion  space due t o  t h e  varying system preferences .  I n  
t h e  f lood  con t ro l  vs. hydropower genera t ion  example, i t  has been observed 
t h a t  both t h e  r e l a t i v e  preferences  between t h e  two o b j e c t i v e s  and t h e  
c u r r e n t  inf low and s t o r a g e  condi t ions  would a f f e c t  t h e  opt imal  ope ra t i on  
dec i s ions .  An ind iv idua l  r e l e a s e  dec i s ion  is mainly determined by 
comparing t h e  long-term marginal g a i n  f o r  one o b j e c t i v e  t o  t h e  long-term 
marginal l o s s  f o r  t h e  o t h e r  o b j e c t i v e s  as  a  r e s u l t  of t a k i n g  a  c e r t a i n  
con t ro l  a c t i o n  i n  t h e  r e s e r v o i r  s t o r a g e  and r e l e a s e .  The consequences of 
t h e s e  long-term marginal ga ins  and l o s s e s  t o  t h e  expected system 
performance, however, may not be e a s i l y  i n f e r r e d  before  an SP model is 
so lved .  
F i n a l l y ,  s i m u l a t i o n  s t u d i e s  a r e  shown t o  be u s e f u l  and  c r u c i a l  i n  
complementing t h e  SP model ing  r e s u l t s .  S i m u l a t i o n  would be n e c e s s a r y  t o  
h e l p  i d e n t i f y  t h e  i m p l i c i t  d i s t o r t i o n s  i n v o l v e d  i n  SP model ing ,  which 
might  no t  be v e r y  e v i d e n t  by l o o k i n g  d i r e c t l y  a t  t h e  o p t i m a l  r e s u l t s .  
D e s p i t e  t h e  many u n c e r t a i n t i e s  embedded i n  SP mode l s ,  t h i s  model ing  
t e c h n i q u e  p r o v i d e s  a  comprehens ive  a s se s smen t  of t h e  example r e s e r v o i r  
s y s t e m ' s  r e s p o n s e  t o  t h e  v a r y i n g  h y d r o l o g i c  i n p u t s  i n  s t e a d y - s t a t e  ope ra -  
t i o n  c o n d i t i o n s .  I t  is c r i t i c a l  f o r  a modeler  t o  p e r c e i v e  t h e  s o u r c e s  of 
p o t e n t i a l  e r r o r s ,  and  t o  f i l t e r  o u t  t h e  u s e f u l  i n f o r m a t i o n  c o n t a i n e d  i n  
t h e  o p t i m a l  s o l u t i o n  t o  a p p l y  a n  SP model e f f e c t i v e l y  f o r  r e s e r v o i r  s t u d y .  
F r e q u e n t l y ,  m o d i f i c a t i o n s  are needed  t o  make t h e  s t r i c t  SP model ing  
r e s u l t s  c l o s e r  t o  r e a l i t y .  
5.2.2 Lake S h e l b y v i l l e  Operation 
The pu rposes  of u s i n g  SP f o r  t h e  c a s e  s t u d y  of Lake S h e l b y v i l l e  a r e  
t w o f o l d .  F i r s t ,  i t  was i n t e n d e d  t o  d e m o n s t r a t e  t h a t  w i t h  c a r e f u l l y  
s e l e c t e d  mode l ing  p a r a m e t e r s  and  a n  u n d e r s t a n d i n g  o f  t h e  s y s t e m ' s  o p e r a t -  
i n g  h i s t o r y ,  t h e  SP  model c a n  be a  f l e x i b l e  and  e f f e c t i v e  t o o l  f o r  
a n a l y z i n g  a  r e a l - w o r l d  r e s e r v o i r  sy s t em l i k e  Lake S h e l b y v i l l e .  Second,  
and  more i m p o r t a n t l y ,  it was used  t o  p r o v i d e  i n s i g h t s  a b o u t  t h e  r e s p o n s e  
of t h e  Lake S h e l b y v i l l e  sys t em t o  t h e  n a t u r a l  i n f l o w s  i n  s t e a d y - s t a t e  
o p e r a t i o n  c o n d i t i o n .  By s t u d y i n g  t h e  l ong - t e rm a v e r a g e  s y s t e m  pe r fo rmance  
u s i n g  a n  SP model (e .g. ,  t h e  month ly  pool  l e v e l s ) ,  i t  was p o s s i b l e  t o  make 
s u g g e s t i o n s  f o r  f u t u r e  a d j u s t m e n t  of t h e  r u l e  c u r v e .  
The f i n d i n g s  from t h e  SP model ing  r e s u l t s ,  which a g r e e  f a i r l y  w e l l  
w i t h  t h e  two e a r l i e r  s t u d i e s  r e p o r t e d  by S i n g h  et a l .  (1975)  and  S i n g h  
( 1 9 7 7 ) ,  s u g g e s t  t h a t  t h e  f u n c t i o n s  of Lake S h e l b y v i l l e  c o u l d  be improved 
i f  t h e  summer pool l e v e l s  were lowered by rough ly  2 t o  5 f e e t .  The 
c u r r e n t  summer pool l e v e l  of 599.7 f t has  been mandated s i n c e  t h e  comple- 
t i o n  of t h e  S h e l b y v i l l e  Dam i n  1970. When t h e  summer pool was f o r c e d  t o  
be 599.7 f t  i n  t h e  SP model by a d o p t i n g  a p e n a l t y  f u n c t i o n  approach ,  t h e  
annual  e x p e c t e d  damage i n c r e a s e d  by 9%. Whether o r  n o t  t h i s  i n c r e a s e  i n  
p o t e n t i a l  damage is s i g n i f i c a n t  t o  t h e  r e g u l a t i n g  agency and t h e  l o c a l  
i n t e r e s t  groups  may depend upon o t h e r  f a c t o r s  t h a t  cannot  be e x p r e s s e d  
q u a n t i t a t i v e l y  i n  an SP model. These c o n s i d e r a t i o n s  may i n c l u d e  t h e  
d i f f i c u l t y  of a l t e r i n g  t h e  e x i s t i n g  r e c r e a t i o n  f a c i l i t i e s ,  t h e  d e g r a d a t i o n  
of  s c e n i c  v a l u e s  due t o  t h e  exposure  of  a d d i t i o n a l  b a r e  banks around t h e  
l a k e ,  and t h e  importance  o f  " m a i n t a i n i n g  s t a b i l i t y  and c o n s i s t e n c y  i n  a 
p r o j e c t  r e g u l a t i o n  s c h e d u l e  over  an  extended p e r i o d  of t ime  t o  t h o s e  l o c a l  
peop le  who must l i v e  w i t h  t h e  p r o j e c t N  (Corps of  Eng ineers ,  1983) .  
With a t a r g e t  summer pool of 599.7 f t ,  t h e  p r o b a b i l i t y  of  t h e  l a k e  
l e v e l  exceed ing  t h i s  va lue  i n  June-September p e r i o d  is g r e a t e r  t h a n  20% 
on average .  I n  a d d i t i o n ,  i t  would n o t  be a r a r e  even t  f o r  t h e  l a k e  t o  
rise above 61 0 .0  f t  i n  t h e  smmer ( w i t h  more t h a n  5% chance of occur-  
r e n c e ) ;  a t  t h a t  l e v e l  upstream a g r i c u l t u r a l  and p r o p e r t y  damages s t a r t  t o  
occur .  T h e r e f o r e ,  even w i t h  t h e  c o n s i d e r a b l y  l a r g e  s t o r a g e  c a p a c i t y  of 
Lake S h e l b y v i l l e ,  i t  is not  p o s s i b l e  t o  c o n t r o l  t h e  l a k e  l e v e l  always 
w i t h i n  t h e  non-damaging r a n g e .  
The economic t r a d e o f f  between t h e  damages i n c u r r e d  i n  t h e  upstream 
and t h e  downstream r e a c h e s  may be examined by comparing t h e  marg ina l  c o s t s  
f o r  b o t h  r e a c h e s  f o r  a u n i t  change i n  t h e  s t o r a g e  o r  r e l e a s e  volume. A 
r e l e a s e  rate greatef t h a n  3,600 c f s  i n  t h e  summer crop-growing months 
would c a u s e  more damages i n  t h e  downstream r e a c h  t h a n  would be compensated 
by t h e  damage r e d u c t i o n  i n  t h e  ups t r eam r e a c h .  F o r  Lake  S h e l b y v i l l e ,  t h e  
maximum a l l o w a b l e  r e l e a s e  i n  t h e  summer cou ld  t h e r e f o r e  be l i m i t e d  t o  
3 ,600  c f  s f o r  b e t t e r  long- te rm sys t em per formance .  
The most  i m p o r t a n t  o b s e r v a t i o n  from t h e  c a s e  s t u d y  was t h a t  i t  
would t a k e  more t h a n  o n e  month f o r  Lake  S h e l b y v i l l e  t o  r e a c h  t h e  summer 
pool  from t h e  w i n t e r  drawdown. I t  is b e l i e v e d  t h a t  some o f  t h e  damages 
and  i n c o n v e n i e n c e s  i n  o p e r a t i n g  Lake S h e l b y v i l l e  f o r  t h e  p a s t  16  y e a r s  
might  be caused  by t h e  r i g i d  t r a n s i t i o n  o f  t h e  r u l e  c u r v e  between t h e  
summer and w i n t e r  p o o l s .  T h i s  t y p e  of  r u l e  c u r v e  h a s  been f o l l o w e d  s i n c e  
t h e  comple t ion  o f  t h e  dam. An ex t ended  t r a n s i t i o n  p e r i o d  between t h e  two 
s e a s o n s  s h o u l d  r e f l e c t  more c l o s e l y  t h e  a c t u a l  r e s p o n s e  of t h e  lake t o  t h e  
i n f l o w s  t h a n  t h e  c u r r e n t  r e g u l a t i o n .  T h e r e f o r e ,  a t r a n s i t i o n  p e r i o d  
between t h e  w i n t e r  drawdown and t h e  summer r e c o v e r y  of t h e  lake l e v e l  is 
recommended f o r  c o n s i d e r a t i o n  i f  f u t u r e  m o d i f i c a t i o n  is made i n  t h e  r u l e  
c u r v e .  
I n  d e v e l o p i n g  t h e  SP model f o r  Lake S h e l b y v i l l e ,  t h e  compu ta t ions  of 
d i f f e r e n t  l o s s e s  were c a r e f u l l y  examined t o  v a l i d a t e  t h e  u se  o f  SP and  t o  
r e d u c e  t h e  p o t e n t i a l  b i a s e s  t h a t  may be i n d u c e d  i n  t h e  o p t i m i z a t i o n  
p rocedure .  The i n c o r p o r a t i o n  of t h e  p e n a l t y  f u n c t i o n  a p p r o a c h  a l s o  
e x t e n d e d  t h e  c a p a b i l i t i e s  of t y p i c a l  SP models  s o  t h a t  a c e r t a i n  d e s i r e d  
per formance  c o u l d  be a c h i e v e d  from t h e  r e s e r v o i r  sys tem.  Al though t h e  SP 
model is o n l y  a s c r e e n i n g  model ,  t h e  i n f o r m a t i o n  p r o v i d e d  is g e n e r a l l y  
v a l u a b l e .  With c a r e f u l l y  s e l e c t e d  model ing  p a r a m e t e r s  and  a n  unde r s t and -  
i n g  o f  t h e  o p e r a t i n g  h i s t o r y ,  t h e  SP model proved  t o  be a f l e x i b l e  and 
e f f e c t i v e  t o o l  f o r  a n a l y z i n g  t h e  Lake S h e l b y v i l l e  s y s t e m .  
5.3 Proposed F u t u r e  Resea rch  
The s t u d i e s  r e p o r t e d  i n  t h i s  r e s e a r c h  were  i n t e n d e d  t o  accomplish  
two d i s t i n c t  r e s e a r c h  g o a l s  which a r e  ( a )  t o  e x p l o r e  t h e  i s s u e s  commonly 
encoun te red  when an SP model is used f o r  a  r e s e r v o i r  s t u d y ,  and ( b )  t o  u s e  
SP e f f e c t i v e l y  i n  a  c a s e  stud.y of a  r e a l - w o r l d  sys tem.  The f i rst  p a r t  of 
t h i s  r e s e a r c h ,  though q u i t e  comprehensive i n  t e rms  of t h e  major  model- 
i n g  i s s u e s  of  SP, has  been l i m i t e d  t o  a  h y p o t h e t i c a l  s i n g l e  r e s e r v o i r  
sys tem.  I t  would be d e s i r a b l e  t o  ex tend  t h e  f i n d i n g s  based on  a  s i n g l e  
r e s e r v o i r  sys tem u s i n g  SP t o  a  m u l t i p l e  r e s e r v o i r  sys tem.  
I n  t h e  a n a l y s i s  of c o n f l i c t i n g  o b j e c t i v e s  f o r  t h e  h y p o t h e t i c a l  
sys tem,  i t  has  been obse rved  t h a t ,  i f  i n f e r i o r  s o l u t i o n s  cou ld  be i d e n t i -  
f i e d  u s i n g  i n f o r m a t i o n  abou t  t h e  n a t u r e  of  t h e  r e s e r v o i r  problem, t h e  
backward o p t i m i z a t i o n  e f f o r t s  r e q u i r e d  i n  s t o c h a s t i c  dynamic programming 
might be reduced  s i g n i f i c a n t l y .  One of  t h e  most common o b j e c t i o n s  t o  
u s i n g  SP models f o r  r e s e r v o i r  s t u d y  is t h e  l a r g e  s i z e  of t h e  models. I t  
would be i n t e r e s t i n g  t o  e v a l u a t e  t h e  p o s s i b l e  ways, b o t h  m a t h e m a t i c a l l y  
and i n t u i t i v e l y ,  f o r  s i m p l i f y i n g  t h e  computat ion burden a s s o c i a t e d  w i t h  
t h e  SP models. 
The c a s e  s t u d y  o f  Lake S h e l b y v i l l e  i n  t h i s  s t u d y  can be t r e a t e d  a s  
complementary t o  t h e  p rev ious  two s t u d i e s  f o r  t h e  same system. Because 
of t h e  budget and t i m e  c o n s t r a i n t s ,  t h e  same a n a l y s i s  was n o t  performed 
f o r  C a r l y l e  Lake; and t h e  j o i n t  o p e r a t i o n  of bo th  lakes was n o t  s t u d i e d .  
I t  is b e l i e v e d  t h a t  s i m i l a r  c o n c l u s i o n s  c o u l d  be made abou t  t h e  o p e r a t i o n  
of  C a r l y l e  Lake. F i n a l l y ,  i t  would be i n t e r e s t i n g  t o  s t u d y  t h e  r u l e  
cu rves  f o r  many of  t h e  r e s e r v o i r s  i n  t h e  Midwestern a r e a  t o  examine t h e  
m e r i t  of u s i n g  a more f l e x i b l e  d e f i n i t i o n  f o r  t h e  t r a n s i t i o n s  between 
d i f f e r e n t  o p e r a t i n g  s e a s o n s .  
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